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Due to the significant increase of the long-distance electricity demand, 
effective use of Distributed Generations (DGs) in power system, and the challenges 
in the expansion of new transmission lines to improve the reliability of power system 
reliability, utilizing Multi-Terminal HVDC (MT-HVDC) technology is an 
applicable, reliable, and cost-effective solution in hybrid AC/DC grids. MT-HVDC 
systems have flexibility in terms of independent active and reactive power flow 
(reversible control) and voltage control. Interconnecting two AC grids with different 
frequencies and transmitting electricity for the long-distance with low power-losses, 
which leads to less operation and maintenance costs, can be done through the MT-
HVDC systems. The integration of large-scale remote DGs, e.g., wind farms, solar 
power plants, etc., and high-voltage charging stations for Electric Vehicles (EVs) 
into the power grid have different issues, such as economic, technical, and 
environmental challenges of transmission and network expansion/operation of both 
AC and DC grids. In details, damping oscillation, voltage support at different buses, 
operation of grid-connected inverters to the off-shore and on-shore AC systems, 
integrating of existing converter stations in MT-HVDC systems without major 
changes in control system, evaluation of communication infrastructure and also 
reactive power and filtering units’ requirements in MT-HVDC systems are the 
technical challenges in this technology. Therefore, a reliable MT-HVDC system can 
be a possible mean of resolving all the above-mentioned issues. MT-HVDC systems 
need a control system that can bring stability to the power system during a certain 
period of the operation/planning time while providing effective and robust 
electricity. 
This thesis presents an improved droop-based control strategy for the active 
and reactive power-sharing on the large-scale MT-HVDC systems integrating 
different types of AC grids considering the operation of the hybrid AC/DC grids 
under normal/contingency conditions. The main objective of the proposed strategy 




converter station (as the primary controller) and a central master controller 
(supervisory controller) to control the Power Flow (PF) and balance the 
instantaneous power in MT-HVDC systems. 
In this work, (1) various control strategies of MT-HVDC systems are 
investigated to propose (2) an improved droop-based power-sharing strategy of MT-
HVDC systems while the loads (e.g., high-voltage charging stations) in power 
systems have significant changes, to improve the frequency response and accuracy 
of the PF control, (3) a new topology of a fast proactive Hybrid DC Circuit Breaker 
(HDCCB) to isolate the DC faults in MT-HVDC grids in case of fault current 
interruption. The results from this research work would include supporting energy 
adequacy, increasing renewable energy penetration, and minimizing losses when 
maintaining system integrity and reliability. 
The proposed strategies are evaluated on different systems, and various case 
scenarios are applied to demonstrate their feasibility and robustness. The validation 
processes are performed using MATLAB software for programming, and 
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Complex design, operation, and control system considering filter and 
reactive power compensation units, quality of the output voltage and current, need 
for a fast and high-quality protection system and expanding MT-HVDC systems are 
the major challenges in the area of MT-HVDC technology. Moreover, the 
interaction between MT-HVDC systems, DG resources, including high-voltage 
charging stations is another challenge in this area. Under the contingency condition, 
MT-HVDC systems should be able to transmit the available power to the 
local/remote loads. Therefore, the reliability of MT-HVDC systems performs a vital 
role in terms of adequacy (having sufficient substation/converters and both AC and 
DC grids to satisfy the loads) and security (having a robust system to be able to 
respond to the transient faults/outages) of the entire power systems. When it comes 
to interconnecting DG resources to AC grids, those challenges become more 
interesting as a new topic of research in MT-HVDC technology. 
There are several technical barriers that manufacturers, network planners, 
and operators are trying to resolve to facilitate the deployment of the MT-HVDC 
systems. Protection and fault-current interruption in MT-HVDC systems are 
arguably the most challenging research and development problems that the 
manufacturers and academia are presently engaged in. As MT-HVDC systems are 
unprecedented with no operational experience, the network operators do not have 
much understanding of the interaction between an MT-HVDC system and the host 
AC systems and the overall stability. Moreover, there is a lack of clarity about 
whether and how the MT-HVDC systems could be operated and controlled to 
support the host AC systems. The prerequisite to study the above issues 
systematically is to develop a generic modeling and stability analysis framework for 
MT-HVDC systems that is compatible with those for conventional AC systems. This 
can then be used to analyze the overall stability of the hybrid AC/DC grids and 
identify and resolve potential interactions. System support provisions (for instance 




operation especially, considering the lower inertia of the turbine systems and 
interaction of high-voltage charging stations. However, they need to be exercised 
carefully to avoid adverse interactions leading to potential overall instability. 
Most of the HVDC links are connected between two points of a single AC 
system or two separate AC systems. These are commonly known as point-to-point 
HVDC links. There are only two exceptions around the world, where the HVDC 
system has more than two points of connection to the AC system, which is referred 
to as MT-HVDC systems. Incidentally, both multi-terminal links in operation 
“Sardinia-Corsica-Italy” link and “Quebec-New England” link work with power 
flowing through the DC link from a generation center (e.g., the hydropower from 
James Bay region in the north of Quebec province) to a main load center (e.g., 
Boston area and parts of New England) with another intermediate load center (e.g., 
Montreal region) on the way. However, unlike a meshed interconnected AC 
network, a truly meshed HVDC grid is yet to be realized in practice. For overhead 
lines, HVDC is cost-effective only at large transmission distances (e.g., above 600 
km) at which level meshed interconnections are not economically justifiable. For 
underground or subsea cable transmission, the distance beyond which DC 
technology is effective is much shorter. This has resulted in a number of point-to-
point interconnections between AC systems separated by sea to allow the exchange 
of cost-effective electricity. With the increased penetration of intermittent renewable 
energy sources (e.g., wind power) and high-voltage charging stations, balancing the 
supply and demand is likely to be a major problem. To ensure reliable operation of 
the system, there is a growing need for meshed interconnection to effectively share 
the diverse portfolio of renewable energy resources and thereby increase operational 
flexibility. For instance, in Europe, the hydropower from Norway and solar power 
in Spain and Portugal could be utilized when the wind is not blowing in the UK or 
mainland Europe and vice versa. There are several visions for an offshore grid in 
Europe. One aspect in common with all such visions is that several DC links are 
connected at a single point, forming a DC grid. Because of the subsea transmission 
distances involved, the only viable option is to use DC, which essentially calls for 




would have to reverse frequently depending on the geographical distribution of 
renewable generation and the electricity price differential at a given point in time. 
The VSC technology allows such PF reversals without altering the DC voltage 
polarity and is, therefore, the only option for a meshed DC grid. On the other hand, 
Line-Commutated Converters (LCCs) rely on reversing voltage polarity to change 
the PF direction which is not a problem for a point-to-point link but does not support 
a meshed grid operation without physical isolation. The situation is different from 
the two multi-terminal links in operation today where PF is substantially 
unidirectional (from generation to load centers). Hence, they work with LCC 
technology, which was the only available option anyway at the time of installation 
of these systems. 
The MT-HVDC systems require to be fully analyzed and controlled before 
using in the practical projects. Although numerous research studies are done in 
analysis, control, operations, and protection of MT-HVDC system, there are still 







The main contributions of this thesis based on each chapter are as follows: 
Chapter 2: 
 A precise bidirectional charging control strategy of PHEVs in power 
grids to simultaneously regulate the voltage and frequency, as well 
as reducing the peak load, and improving the power quality by 
considering the SoC and available active power in power grids is 
proposed. 
Chapter 3: 
 To contribute the MT-HVDC system to the grid regulation, a 
generalized model of MT-HVDC systems topology and the steady-
state interaction among MT-HVDC system and AC grids are 
investigated.  
 A communication-free and improved droop-based controller is 
proposed to enforce the stability of the DC grid, and allow the MT-
HVDC systems to participate in the grid regulation. A new strategy 
to control active and reactive power flow using the AC voltage-
droop, DC voltage-droop, and frequency-droop controllers is 
proposed to manage the operational constraints of the hybrid AC/DC 
grids. Moreover, an optimal tuning strategy is investigated to either 
optimize the controllers’ response time with the aim of enhancing the 
cut-off frequency or improve the system stability with the aim of less 
damping oscillation and overshoot percentage. 
 Because of the nonlinear behavior of the MT-HVDC system, the 
corresponding parameters of the controllers of the VSC-HVDC 
stations in a decentralized structure are tuned to mitigate any changes 
in the frequency, AC voltage, and DC voltage and consequently, 





 To address all the challenges of unified and sequential AC/DC PF 
and considering the droop parameters, a mixed AC/DC PF algorithm 
for MT-HVDC systems is proposed in this chapter. The proposed 
strategy is a fast and accurate method, which is capable of optimizing 
the AC/DC PF calculations. Except for the high accuracy and 
optimized performance, considering all operational constraints and 
control objectives of the integration of MT-HVDC systems into the 
large-scale AC grids is the other contribution of this chapter. 
Chapter 5: 
 A new topology of Hybrid DC Circuit Breaker (HDCCB) for MT-
HVDC systems with capabilities of reclosing and rebreaking, as well 
as bidirectional fault current interruption is proposed. The proposed 
topology of the HDCCB is based on the switching technique to 
minimize the costs of implementation and on-state switching losses, 
as well as interrupting the fault current in both directions. Also, in 
this topology, the polarity of the capacitor is based on the direction 
of fault current, which would lead to reducing the interruption time. 
Hence, it can be used in MT-HVDC systems.  
 The proposed topology has reclosing and rebreaking capabilities 
without the need for an external power supply, which leads to 
reducing the overall cost. 
 Improving the fault tolerance capability by increasing the maximum 
breaking current 0.25% compared to the conventional HDCCB, 
while having approximately the same total dissipated energy of the 
surge arrestor in the DC CB, and clearing the fault in 16 ms. 
 The proposed topology limits the rate of rise of the voltage across the 




voltage distribution regardless of tolerances in the switching 
characteristics. 
 The proposed topology can improve the overall performance of MT-








The rapid increase in energy demand, destruction of the earth’s resources, and 
discharge of carbon dioxide are the leading causes of environmental pollution and climate 
change in the world. Further, transportation is more attentive, considering the fact that it 
causes more than 15% of carbon dioxide discharge, which is critical for all the people [1-
2]. As a result of that, the transition from the Internal Combustion Engine (ICE) to hybrid 
and full-electric vehicles has been an immense focus for the reduction of greenhouse gases 
[2]. Due to pollution and energy crisis, many studies in the field of Electric-Drive Vehicles 
(EDVs), including Battery Electric Vehicles (BEVs), Hybrid Electric Vehicles (HEVs), 
and Plug-in Hybrid Electric Vehicles (PHEVs) have appeared worldwide [2-4]. However, 
developments in the field of electric vehicles are restricted by the technology of the 
batteries and Energy Storage Systems (ESSs), there are many positive signs of progress in 
this field [5-7]. A good number of alternative energy sources, which are renewable, are 
already being harnessed and utilized to meet the energy demand in the world [8-9]. 
The arbitrary connection of PHEVs to the power grid leads to the complicated 
operation, planning, and control of the power system. There are different charging 
mechanisms for PHEVs to be charged. IEC Std. 61851 is one of the common standards, 
which is established for PHEVs charging [8]. Regardless of the charging mechanism, the 
availability of charging stations is an essential factor that should be considered for power 
systems control, operation, and long-term planning. The common and low-cost procedure 
for charging PHEVs is slow charging, which drains less power from the grid. However, 
the main drawback of this mechanism is that it takes more time to fully charge the batteries 
of PHEVs. On the other hand, the fast charging mechanism, based on the new 
developments in power electronics devices and restructuring both of both ESSs and 
chargers, can expedite the charging process and charge a depleted battery from 10 to 80 




level from the network and has a negative effect on the other loads connected to the same 
bus, e.g., the voltage drop at the end of the power line. 
In modern power systems, microgrids are defined as interconnected local energy 
centers with control and management capabilities and clear boundaries. They enable 
bidirectional and autonomous power exchange to prevent power outage by providing high-
quality operation and more reliable energy supply to the load centers. Aging electric power 
grid infrastructures, continuous increase in the load demand, integration of renewable 
energy resources and electric vehicles, transmission power losses, and improving the 
efficiency of power systems, are several challenges in modern power systems. Therefore, 
to overcome the mentioned challenges, macro and micro-grids are utilized to both enhance 
the power quality and increase the reliability of the grid side and the load side. There are 
several studies in the field of microgrids, considering their different manifestations, such 
as Smart Grids (SGs) and Virtual Power Plants (VPPs), etc. [11]. One of the main concerns 
in modern power systems analysis is the dependency on the power from microgrids by 
using the grid power along with their developments. As a result, microgrids can 
interconnect to the power grid and improve the power quality and reliability. From another 
perspective, microgrids can connect to/disconnect from power grids to enable themselves 
and operate in both grid-connected and islanding modes. 
Based on the expansion of the interconnected power grids through the long 
transmission lines, increasing the load demand, and the need for a supervisory control 
system for the power generation units, electric utilities are moving toward the decentralized 
and deregulated power systems, focusing on independent microgrids. Non-traditional 
power generation sources (e.g., wind farms, solar power plants, diesel generators, etc.) in 
microgrids are allowed to trade electricity with the local consumers. In addition, microgrids 
in a centralized structure no longer rely on a single power source. On-site generations can 
be utilized as emergency backups in the event of blackout or load shedding to mitigate 
disturbances and increase power systems reliability. Figure 1.1 illustrates the concept of 
modern microgrids. As shown, there are several ways to utilize Distributed Generations 
(DGs), such as wind, solar, ESSs, etc. in the power system to support the grid and supply 





Figure 1.1. The concept of modern microgrids 
1.2. Literature Survey 
1.2.1. Impact of Charging Station on Power Grids 
Technically, modern microgrids are a small part of low voltage distribution 
networks that are located far from the substation and interconnected through a Point of 
Common Coupling (PCC) [12]. Based on the nature of microgrids operation (e.g., 
ownership, location, reliability requirements, and trading purposes), significant 
developments are carried out by researchers, industrial and commercial factories, and 
military bases. According to the Power and Utilities Navigant Research, the capacity of the 
global microgrid has been projected to grow from 1.4 GW in 2015 to 7.6 GW in 2024 under 
a base scenario [12]. Modern microgrids not only offer great promises owing to their 
significant benefits but also result in tremendous technical challenges. There is an urgent 
need to investigate the state-of-art control and energy management systems in microgrids. 
One of the main challenges in microgrids technology is to manage and balance the 
generation and consumption of energy [13]. The power imbalance is a typical scenario in 
microgrids, which comes from the nature and availability of renewable energy resources 
to discontinuously generate power and available loads connected to microgrids. The 
control system should manage these imbalances to prevent electrical damage and maintain 




power management and control strategies to manage the generation and consumption of 
energy. These control strategies are mainly targeted at: (i) controlling the interconnected 
DGs and ESSs, (ii) DC bus voltage regulation, (iii) minimizing the cost of 
imported/exported energy from/to the main grid by optimizing the power dispatch between 
converters and DC bus voltage, (iv) management, and optimization of ESSs operation, and 
(v) current sharing management between parallel converters in DC grids [17-20]. 
In order to optimize the power dispatch, proper communication infrastructure 
between the microgrids and the grid operator are required [21-22]. However, real-time 
simulation and monitoring can be implemented by the communication infrastructure, the 
outage of the communication links/signals can cause many complicated problems. The 
droop control method is a well-known strategy to maintain the power balance in DC 
microgrids [17, 22-26], which does not require communication infrastructure [17]. The 
power management of microgrids can be classified into centralized, decentralized, and 
distributed control categories [25-29]. The energy dispatched in the centralized control 
systems can be monitored and managed by an intelligent centralized (master) controller, 
which receives and analyzes the data, manages the power among the converter stations 
under operation, and forecasts the power and voltage references to all the power devices of 
the microgrids. [30-31]. These systems usually offer precise power-sharing among 
converters in microgrids [28-29]. In case of loss or outage of the master controller, local 
autonomous controllers (decentralized structure) are needed to fulfill the master controller 
failure [32-35]. In a distributed control system, each microgrid is allowed to only 
communicate with its nearby neighbors. Therefore, there is still a need for communication 
infrastructure. Further, there are many loops in a distributed control system, which make 
its design more complicated [36]. 
However, installing new components and/or upgrading the existing components are 
two methods to overcome the negative impacts of PHEVs in power grids, high investment 
costs prevent the mentioned solutions to be implemented. If the high penetration level of 
PHEVs is connected to the system, up to a 15% increase in the cost of upgrading the 
existing grid to guarantee the adequacy of the power system can be expected [37]. 




Utilizing proper ESSs and appropriate charging/discharging mechanism to control the 
Power Flow (PF) in PHEVs are preferable to installing new components and/or upgrading 
the existing infrastructures in power grids. High penetration chargers can be designed and 
implemented to allow bidirectional PF between ESSs and power grids. 
PHEVs can assist in improving the load-leveling profile and reducing power losses 
[38]. Further, utilizing efficient Voltage-Sourced Converters (VSCs) in power system 
allows transferring reactive power, as well as active power into the power grid. The DC-
link capacitor and a proper switching mechanism can improve the quality of the transferred 
power into the grid [39]. Therefore, several studies have investigated different control 
strategies to implement the concept of a bidirectional charger and solve the charging issues 
of PHEVs [40-43]. 
A practical power electronics grid interface that can provide the Vehicle-to-Grid 
(V2G) bidirectional PF with a high power quality is necessary to perform the grid-
connected vehicle battery application. This interface should respond to the 
charge/discharge commands that are received from the monitoring system to enhance the 
reliability of the power grid. Moreover, essential requirements, such as reactive power 
injection and tracking the reference charge/discharge power, should be met [44-45]. A 
comprehensive review of the bidirectional converters is presented in [46], and discusses 
their advantages and disadvantages. In [47], the energy efficiency in PHEV charges along 
with the evaluation and comparison of the AC/DC topologies, such as the conventional 
Power Factor Correction (PFC) boost converter, including a diode-bridge rectifier followed 
by a boost converter, an interleaved PFC boost inverter, a bridgeless PFC boost converter, 
a phase-shifted semi bridges PFC boost converter [48], and a bridgeless interleaved boost 
converter [49] is presented. In addition, some non-inverted topologies are presented in [50-
60], some of which require two or more switches to be operated in Pulse Width Modulation 
(PWM) mode, which causes higher total switching losses [50-52, 54-61]. However, 
bidirectional PF cannot be achieved in the topologies of [50, 54, 57, 61-64]. 
Different DC charging station architectures for PHEVs are proposed in [65-67]. For 
instance, the control of the individual EV charging processes introduced in [65] is 




the power grid to the DC link. With sufficient energy stored in the battery of PHEVs, the 
bidirectional charging/discharging power control of PHEVs can be applied to reduce the 
frequency fluctuation [68-74]. A power charging control system to control the frequency 
in the interconnected power system with wind farms is considered in [68]. The controller 
in [68] is capable of stabilizing the system frequency during the charging period. Further, 
the bidirectional power control of PHEV applied for frequency control in the 
interconnected power systems with wind farms is proposed in [69]. The proportional-based 
PHEV power controller in [69] provides satisfactorily control, but its performance may not 
tolerate such uncertainties, and it may fail to handle the system frequency fluctuation. 
Further, the system parameters may not remain constant and continuously change 
when operating conditions vary [75]. The system parameter variations, such as the inertia 
constant and damping ratio, are conventionally considered to check the performance and 
robustness in the Load Frequency Control (LFC) approach [76]. Hence, the robustness of 
the controller against system uncertainties is a vital factor that must be considered. 
1.2.2. Control of MT-HVDC Systems 
For long-distance transmission, Multi-Terminal High Voltage Direct Current (MT-
HVDC) grids are utilized to transfer the generated power from offshore AC sources, e.g., 
wind farms, to onshore AC grids. The delivered power can be shared by the onshore AC 
grids with the aim of maintaining the DC voltage within a certain range at all the system 
buses. The power-sharing strategy depends on several objectives, such as power losses 
minimization, sharing ratio, and priority order [79]. Power-sharing and voltage control in 
MT-HVDC systems are the major challenges especially for the control and operation of 
the power system while it faces an outage [80-81]. Significant research studies are 
conducted on MT-HVDC system modeling [82-84, 86-94] and control [85, 95-102]. 
In hybrid AC/DC grids, two parameters should be considered: (1) The DC voltage 
at different buses for the DC grids to share the power. (2) The frequency for the AC grids 
to minimize the deviations in power, and among the other interconnected AC grids. There 
are several methods to perform the operation of power-sharing control and frequency and 




categories: (1) Master-Slave technique and (2) Distributed DC voltage control strategy. In 
terms of sub-categories, both of them can be classified into centralized and decentralized 
control methods. 
1.2.2.1. Master-Slave Technique 
In order to control the DC voltage in MT-HVDC systems, the active power should 
be controlled considering one converter as the slack converter, while the other converters 
are controlling the active power at a constant level. The slack converter can control the DC 
voltage using the outer loop in the DC voltage controller. By performing the Optimal Power 
Flow (OPF) at different buses, the 𝑃𝑟𝑒𝑓 setting for all the other converters can be calculated 
in the master converter. To ensure the operation within the acceptable limits of the 
converter, the master converter must be oversized and it needs a larger power rating. 
Moreover, a fast communication infrastructure between different nodes is required to 
improve the reliability of both AC and DC grids [80, 103-104]. In order to prevent the 
voltage of the entire system from violating the limits, the reference value for the DC voltage 
in the master converter should be defined [107]. The master-slave technique has some 
drawbacks, which are mentioned as follows [103-109]: 
 A high-speed communication infrastructure is required. 
 Regulating voltage through the entire AC and DC grids is complicated 
through one converter. 
 The outage of mater converter leads to DC over-voltage or under-voltage, 
and consequently collapse of the entire DC grids. 






Figure 1.2. 𝑃 − 𝑉𝐷𝐶  characteristics of (black) the master converter and (red) the slaves 
In [110], a communication-free DC voltage control strategy for MT-HVDC 
systems is proposed. The configuration of the system is based on a grid-side master 
converter and a wind farm to incorporate and maintain the DC-link voltage in its acceptable 
range, as well as providing frequency support and improving the power dispatch. The 
control strategy uses the DC-link voltage at the master converter and maintains the wind 
power reserve. As a result, the wind farm can participate in the DC-link voltage control 
without the need for the communication infrastructure. The main drawback of this control 
strategy is that the outage/contingency at the master converter can cause instability of the 
entire hybrid AC/DC grids. In addition, since the other converters are injecting power to 
the MT-HVDC systems, AC/DC grids experience with surplus/deficit injected power, and 
consequently, the DC voltage increases/decreases drastically. N-1 converter security 
analysis can improve the reliability of both AC and DC grids.  
To overcome the dependency of high-speed communication infrastructure and 
improve the reliability of the hybrid AC/DC grids, the voltage margin method and voltage 
droop-based control method are proposed. The voltage margin method is a modified 
version of the master-slave technique to tackle the N-1 security problem and control the 
voltage through the voltage and active power of different converters in MT-HVDC systems 
[111-116]. The main drawbacks of this method are the complexity in terms of controlling 
several parameters and the large oscillations of PF due to the sudden changes in the DC 




voltage-droop controller to improve the reliability of the hybrid AC/DC grids. The rest of 
the local terminals can operate in a constant power control mode. If any changes in the DC 
voltage are detected by a converter equipped with DC voltage droop-based controller, this 
controller can generate adequate deviation of 𝑃𝑟𝑒𝑓 of the converter and support the power 
balance on the DC grids and reduce the large DC voltage oscillations [85-86, 117-118]. In 
practice, a high-accuracy of power balance in AC off-shore and on-shore AC system is 
mandatory. Hence, the droop parameters should be optimized according to the DC voltage 
changes [119]. In addition, the frequency changes generate adequate power deviation 
response of the converter and modify 𝑃𝑟𝑒𝑓  [95, 117, 119-123]. However, a global 
frequency-droop control strategy of the MT-HVDC system is required. In [123], a control 
strategy is proposed to emulate the pattern of the conventional AC generators when 
participating in the frequency regulation. The proposed frequency-droop control strategy 
can enable/disable different control loops, but it negates the action of any possible voltage-
droop controller. 
1.2.2.2. Distributed DC Voltage Control Strategies 
To improve the stability of the hybrid AC/DC grids, as well as increasing the 
accuracy of balancing the power, the distributed DC voltage control strategies, such as 
distributed direct DC voltage control and adaptive droop-based control are investigated. In 
these two techniques, a PI controller on the slack bus combines with the other PI controllers 
on the different local buses, and regulates the DC voltage. By utilizing the communication 
infrastructure, the control parameters and reference values can be computed frequently and 
sent to a centralized supervisory controller, and then, sent to the other local converters. 
1.2.2.2.1. Distributed Direct DC Voltage Control Strategy 
Several research studies related to the distributed direct DC voltage control method 
are carried out [96, 101, 112, 124-128]. Therefore, different OPF algorithms are proposed 
to minimize the losses and determine the reference value for the DC voltage of local direct 
DC voltage-controlled converters without the need for communication infrastructure. Also, 
to analyze the operation of the power system, the proposed OPF techniques are used to 




N-1 security problem. Considering the uncertainty in the generated power by the off-shore 
AC systems interconnected with the MT-HVDC systems to the power grids and the line 
resistance can reduce the accuracy of the OPF. Moreover, due to the direct relationship 
between the line resistance and the power balance and DC voltage, by losing the 
communication connections for a long time, the DC voltage deviations increase and it can 
cause instability of the entire hybrid AC/DC grids. As a result, protective equipment, such 
as dump resistors are required to prevent the excessive increase in the DC voltage level. 
As a matter of fact, the distributed direct DC voltage control is suitable for the AC grids, 
where no single power station is left alone to guarantee the stability of the system [124]. 
1.2.2.2.2. Adaptive Droop-Based Control Strategy 
The droop control strategy for MT-HVDC system can operate as in traditional AC 
grids, where the load-dependent frequency deviations can be used as an input signal for the 
control system and adjust the generated power to meet the demand [129-130]. An adaptive 
droop-based control strategy is a promising solution due to the disadvantage of distributed 
direct DC voltage control method to lose communication connections for a long time and 
lose the stability of the hybrid AC/DC grids. 
1.2.2.2.2.1. Adaptive Power and DC Voltage Droop-Based Control Strategy 
In MT-HVDC systems, the control system employs the droop setting to regulate 
the DC voltage within the system by adjusting the converter current in such a way that 
power balance is guaranteed [131-134]. The defined gain of the adaptive power and DC 
voltage droop-based controller can reduce the sensitivity of power balance to the line 
resistance, improve the accuracy of the OPF, and simultaneously, regulate the DC voltage. 
In addition, the corresponding parameters of the adaptive droop-based controller can be 
optimized for different operation objectives. In [134], a methodology to calculate the droop 
parameters of the droop-based converter to minimize the power losses in transmission lines 
in off-shore AC systems interconnected with the MT-HVDC systems is proposed. The 
main drawback of this method is its complexity to be applied to the ring or meshed grids 
[134]. In [106], the droop parameters of the droop-based converter are calculated in such a 




achieved. However, the proposed method cannot be applied to the ring or meshed grids. In 
[85-86], a droop-based control method for the MT-HVDC systems in a decentralized 
operation is proposed. But, the main drawback of the proposed droop-based control method 
is the fact that the sensitivity of power balance depends on the line resistance and it can 
cause inaccuracy of the OPF calculations. Increasing the voltage level in hybrid AC/DC 
grids with the aim of minimizing the transmission lines losses can lead to an increase in 
the converter losses. In order to minimize the transmission lines and converter losses, an 
OPF method to select the optimal reference values considering the fixed droop parameter 
for the DC voltage of the droop-based converter is proposed in [126]. Supporting energy 
adequacy, increasing off-shore AC system penetration, and maximizing converter 
loadability, as well as minimizing total losses, are the major priorities in the MT-HVDC 
system analysis. Another priority is the impact of droop parameters on the accuracy of the 
power balance and DC voltage dynamics [131-132]. Optimal DC voltage dynamics without 
violating the defined constraints is an important factor in the power balance which is 
considered in [109, 128, 131] in such a way that the droop parameters are selected by 
multiplying the local droop parameters by a multiplier. The accuracy of the power balance 
is the main drawback of the previous methodologies. Each converter has a particular 
available headroom to participate more in the DC voltage control. In [133], the available 
headroom of each converter is used to analyze the droop parameters and it is replaced with 
the new operating points after each contingency to improve the stability of the hybrid 
AC/DC grids. The droop-based controllers’ parameters are selected optimally due to the 
sudden change in the reference values in [135]. The main drawback of this research study 
is neglecting power-sharing control. 
1.2.2.2.2.2. Adaptive Frequency and DC Voltage Droop-Based Control Strategy 
In modern power systems, the significant contribution of DG resources in the 
electricity generation and PHEVs in the load consumption are increasing gradually. 
Previously, the DG resources could not participate in the frequency regulation of AC grids 
the same as the conventional AC generators. Therefore, in order to participate in frequency 
regulation, a primary reserve sharing between AC grids and the candidate AC/DC 




the AC/DC converters can participate in the primary frequency regulation of the AC grids 
[95, 120-122]. The deviation in power caused by the frequency-droop controller of the 
converter should adopt the standards of the power grids and it should be matched with the 
accurate values of the frequency deviation of the AC grids. The DC voltage-droop based 
controllers can be a solution to enforce the stability of the DC grid by optimizing voltage-
droop controllers’ parameters, as well as regulating the DC voltage and balance the power. 
On the large-scale MT-HVDC system, optimizing frequency-droop based controllers’ 
parameters can adjust the frequency deviations and allow the MT-HVDC system to 
participate in the frequency regulation of the different AC system interconnected by the 
DC grids. A control methodology to support the frequency of the system through the MT-
HVDC systems by calculating the eigenvalues of the hybrid AC/DC grids is proposed in 
[120]. In [22], the dead-band control is utilized for both frequency and DC voltage droop-
based controllers. However, in both [22] and [120], the interactions among the frequency 
and DC voltage droop-based controllers are not considered. In [95], the primary frequency 
control of remote grids connected by MT-HVDC systems is studied to control the 
frequency-droop parameters and comply with the desired value for the predefined 
frequency deviation. An analytical methodology of the interactions among AC and DC 
grids is performed in [121] to utilize the frequency and DC voltage droop-based controllers 
and modify either the DC voltage dynamics or the frequency deviations. The same study 
as [121] is conducted in [117] with the aim of determining the interactions among DC 
voltage droop-based controller, to comply with the maximum DC voltage deviation 
constraints, and frequency-droop controller to allow the HVDC system to participate in the 
frequency regulation of AC grid. In [122], the interactions between frequency and DC 
voltage droop-based controllers through the evolution pattern of the frequency of each AC 
grids is studied. However, the correction of droop parameters to minimize the deviations 
in DC voltage and frequency is disregarded. 
1.2.3. AC/DC Power Flow for MT-HVDC Systems 
Due to the recent developments in the power electronics technology, Voltage-
Sourced Converter (VSC)-High Voltage Direct Current (HVDC) systems have solved the 




capable of controlling the active and reactive power, independently. One of the important 
considerations to control the HVDC systems is that the 𝑉𝐷𝐶-control and 𝑃-control VSC-
HVDC stations should be capable of operating in inverter and rectifier modes, respectively 
[139-141]. Changing the control mode from 𝑉𝐷𝐶-control to 𝑃-control leads to changing the 
direction of PF. The main purpose of applying different control strategies in MT-HVDC 
systems is to achieve a precise and secure control mode for the MT-HVDC systems without 
violating the constraints. For stable operation and active and reactive PF, MT-HVDC 
systems need to maintain the DC voltage and frequency within the operating limits [136-
139]. 
In the past decades, there have been some relevant surveys about power system 
operation considering PF problem solutions [142-143]. In traditional AC system, the PF 
can be controlled through three hierarchical levels which are, HL I (generation level), HL 
II (generation and transmission levels), and HL III (generation, transmission, and 
distribution levels). Considering hierarchical levels and the market analysis, the 
Independent Electricity System Operator (IESO) can only control the generated power on 
the power system, and based on that, control the PF to the next hierarchical level(s). The 
integration of MT-HVDC systems to the existing AC grids leads to increasing the region 
of controllability of hybrid AC/DC grids. This fact is due to the capability of controlling 
active and reactive PF by each converter in MT-HVDC systems [136, 139, 144]. Therefore, 
MT-HVDC systems can change the PF patterns, and from the IESO and Transmission 
System Operator (TSO) perspectives, these changes in the pattern may cause significant 
issues in hybrid AC/DC grids. Moreover, due to the temporary or permanent outages of the 
components in hybrid AC/DC grids, the dynamic behavior of nonlinear components can 
change the PF and enhance the risk of instability in the entire hybrid AC/DC grids [144-
145]. 
1.2.3.1. Solving the Power Flow Problem for MT-HVDC Systems  
The unified method and sequential method are the two well-known methods to 




1.2.3.1.1. The Unified Method 
The unified method solves the PF problem for the entire hybrid AC/DC grids using 
a modified Jacobian matrix [146-148], where all the AC and DC variables, such as the 
impact of DC links in the Jacobian matrix, can be calculated in each iteration process. 
Many techniques are proposed and developed to improve the efficiency of the unified 
method, but the main drawback of those methods is neglecting the impact of droop 
parameters’ settings on the AC/DC PF [146-148]. Another issue of the unified method to 
solve the PF problem is that it needs an alternation of the extension of an existing AC PF. 
1.2.3.1.2. The Sequential Method 
The sequential method solves the AC/DC PF equations sequentially, one after 
another in each iteration [149-150]. The main advantage of the sequential method is to 
make the solution easy to combine the DC PF to the AC PF solution technique, and it can 
be implemented easily when the extension of an existing AC PF is needed. In [151], a 
numerical method based on the Newton-Raphson algorithm to calculate the converter 
losses using the unified approach by iterations is proposed. A detailed steady-state model 
of the converter station to solve the AC/DC PF problem sequentially based on the Newton-
Raphson technique considering converter losses and reference power is proposed in [152-
153]. An algorithm with per-unit conversion and changing the bus numbers to simplify 
solving the PF problem when multiple DC lines and converters outages occur is developed 
in [152]. The main drawback of this method is neglecting the AC grid connection in the 
problem. In [154], a detailed model of the converter station with AC/DC PF equations, 
including converter losses, for solving the PF sequentially is proposed. In [155], a method 
to solve the PF problem through the Gauss-Seidel method is developed. 
1.2.3.2. AC/DC Power Flow for MT-HVDC Systems Considering Droop 
Parameters  
Controlling the droop parameters in MT-HVDC systems has a significant impact 
on the PF of AC and DC grids after an outage [139]. In [156], the concept of distributed 




is considered. In [157], a methodology to determine the mean voltage instead of a single 
slack converter in MT-HVDC systems to solve the DC PF is proposed. By interconnecting 
MT-HVDC systems to the large-scale AC grids, solving the AC/DC PF goes through a 
complicated process, and a combined solution of AC/DC PF considering all the system 
variables and constraints is required. 
1.2.4. Protection of MT-HVDC Systems 
Protection of the MT-HVDC grids in case of a DC fault is vital to improve the 
reliability of the power system [145, 158]. Conventional Voltage Sourced Converters 
(VSCs) are not capable of limiting or interrupting the current that flows following a DC-
side fault. Also, the high power DC Circuit Breakers (CBs) are not commercially available. 
Therefore, opening the CB on the AC side is the only possible way to isolate the DC-side 
fault. Opening all the AC CBs to isolate/clear the DC-side fault in a DC grid with high 
capacity can lead to a large loss of power infeed. Therefore, clearing the DC fault within 
the DC grid by opening the AC CBs is practically impossible [158-160]. 
The consequence of a DC-side fault within an MT-HVDC grid is the sudden 
increase in the fault current, and that is due to the capacitive behavior of the HVDC grids 
and low resistance of the DC cables. The fault current should be interrupted in less than 20 
ms to limit it within the acceptable levels [161]. Using AC-side CB in the point-to-point 
VSC-HVDC grids to interrupt the fault current leads to loss of the entire link. Adopting the 
same strategy for MT-HVDC grids and opening all the AC-side CBs is a disruptive 
measure and can cause losing a large amount of power infeed. Therefore, it is mandatory 
to isolate only the faulty section of MT-HVDC grids. Two measures can be considered to 
deal with this issue: (1) Using fast-acting DC CBs at both ends of the DC-links. (2) Using 
fault-blocking converters to open the DC-links in case of a sudden increase in the DC fault 
current. Moreover, determining the exact location of the DC-side faults within MT-HVDC 
grids is difficult [162-163]. In the AC grids, impedance relays are used to determine the 
fault location. However, due to the low resistance of the DC cables compared to the 
impedance of the AC grids, it is impractical for the impedance relay to determine the fault  
location in a DC-link within its protective zone. Besides, distinguishing between the AC 




In order to interrupt the fault current, the AC CBs at the high voltage transmission 
levels require 4-5 cycles (within 80-100 ms). By creating zero crossings of the current, the 
AC CBs provide interruption with minimal arcing [166]. As there is no zero crossing of 
the current in DC, the conventional AC CBs are not useful to prevent large DC currents. 
To overcome this issue, a passive or active resonant circuit can be used to force the current 
zero crossing. The other way is to bypass or interrupt the fault current using semiconductor 
switches (Insulated-Gate Bipolar Transistor (IGBTs)), which considering the power losses, 
it is an expensive strategy. Due to the lack of reactance in the DC circuits, the rate of rise 
of fault current in the DC grids is higher than the AC grids [167-168]. Thus, the DC CBs 
must be capable of interrupting the fault currents faster than the AC CBs. 
Different CB topologies are studied in the literature. The CBs can be categorized 
into three types: Mechanical Circuit Breakers (MCBs), Solid-State Circuit Breakers 
(SSCBs), and Hybrid Circuit Breakers (HCBs) [169-170]. The MCBs consist of the 
conventional AC CBs with a parallel circuit to generate a current zero crossing [171]. In 
both passive and active MCBs structures, due to the existence of the parallel circuit, the 
interruption time of the MCBs is long (30-50 ms), which is not suitable for VSC-HVDC 
systems. The SSCBs consist of several solid-state switches that can interrupt the fault 
current faster than the MCBs without the need for a current zero crossing [172-175]. Proper 
configuration of switches can lead to achieving the desired breaking current capability. To 
design a bidirectional CB, at least two switches are needed. The SSCBs are faster compared 
to the MCBs, but their on-state switching losses and total cost are high. The HCBs 
configurations are the results of the combination of MCBs and SSCBs [176]. The 
combinations are based on the operation time, breaking current capability, power losses, 
and total cost. The operation time and breaking current capability of the MCBs are low, 
but they are cheap. In contrast, the SSCBs are fast, but when it comes to a complicated 
configuration for the VSC-HVDC systems, they are expensive. Also, because of the 
existence of permanent resistance, the SSCBs have large power losses compared to the 
MCBs. The HCBs take advantage of both MCBs and SSCBs, such as fast current 




The first HCB [178], which was based on inverse voltage generation method, 
provided the advantages of both MCBs and SSCBs. It consisted of a semiconductor-based 
CB using IGBTs and a bypass circuit developed by the semiconductor-based load 
communication switches in series with an ultra-fast disconnector. Reducing the fault 
current level to zero is achieved by generating the arc voltage at a higher level than the 
source voltage. This topology has a short interruption time than the MCSs and lower on-
state switching losses compared to the SSCBs. A detailed analysis of the operating modes 
of HCBs (reclosing and rebreaking) is performed in [170]. An accurate model considering 
the coordinated control of the four subunits (two semiconductor values along with two 
mechanical switches) and the opening and closing sequences of each subunit of the HCB 
is presented in [177]. This topology is not suitable for MT-HVDC grids, where the fault 
location is hard to find, and the switches in the auxiliary CB might damage due to the high 
rate of rise of current. To overcome this issue, a large number of semiconductor switches 
in the semiconductor-based CB branch is needed, which can increase the cost of 
implementation and relatively increase the on-state switching losses. To reduce the on-state 
switching losses of the HCBs, another topology considering multiple thyristors connected 
in series is proposed in [179]. In this topology, by injecting current stored in the capacitor 
with the initial charge, a current zero crossing can be generated. The main issue with this 
topology is the high on-state switching losses because of the existence of IGBT in the main 
CB. Moreover, the fault interruption time is increased due to the transferring the fault 
current from the CB to the auxiliary CB. Besides, using an external power supply to charge 
the capacitor might lead to an increase in the costs of implementation. This topology 
provides the bidirectional fault current interruption, but reclosing and rebreaking 
capabilities of the HCBs is not considered. The topology of the HCBs presented in [180] 
is provided reclosing and rebreaking capabilities, as well as bidirectional fault current 
interruption. Reclosing and rebreaking capabilities have prevented the interruption of the 
power to the connected AC systems, and the auxiliary power source is used to charge the 
capacitor. Although the polarity of the capacitor can change according to the direction of 
fault current, it might have delay time to interrupt the fault and consequently, increase of 





The subsequent chapters of this study are structured as follows: 
Chapter 2 presents a bidirectional charging control strategy for high-voltage 
charging stations considering the SoC of the batteries of the EVs and simultaneous voltage 
and frequency regulation in power systems. The main aim of this chapter is to investigate 
the control the batteries charge which are connected to the grid, and simultaneously 
regulate the voltage and frequency of the power grid during the charging time based on the 
available power when different events occur over a 24-hour period. 
Chapter 3 presents an improved droop-based control strategy for the active and 
reactive power-sharing on the large-scale MT-HVDC systems. As droop parameters 
enforce the stability of the DC grid, and allow the MT-HVDC systems to participate in the 
AC voltage and frequency regulation of the different AC systems interconnected by the 
DC grids, in this chapter, a communication-free control method to optimally select the 
droop parameters, consisting of AC voltage-droop, DC voltage-droop, and frequency-
droop parameters, is investigated to balance the power in MT-HVDC systems and 
minimize the AC voltage, DC voltage, and frequency deviations. 
Chapter 4 presents a mixed AC/DC PF strategy for MT-HVDC systems 
considering the operational constraints, such as the voltage range, voltage operating region, 
total transfer capability, transmission reliability margin, converter power rating, etc. to 
analyze the steady-state interaction of the large-scale MT-HVDC systems. 
Chapter 5 presents a new topology of a fast proactive Hybrid DC Circuit Breaker 
(HDCCB) to isolate the DC faults in MT-HVDC grids in case of fault current interruption, 
along with lowering the conduction losses and lowering the interruption time. Different 
modes of operation of the proposed topology are presented in detail and tested in a 
simulation-based system. 
Chapter 6 contains some brief conclusions of this thesis. In addition, the 







A Bidirectional Charging Control Strategy for High-Voltage Charging Stations in Power 
Systems 
2.1. Principles of Bidirectional Power Flow 
Figure 2.1 shows a basic model of a power system consisting of two generators and 
a transmission line which is connected to two generation buses. In this figure, each bus has 
its voltage magnitude and phase angle, where 𝑉1∠𝜃1  and 𝑉2∠𝜃2  are the corresponding 
voltage magnitude and phase angle of buses 1 and 2, respectively. The impedance of the 
transmission line is 𝑍∠𝛾, where: 






Therefore, by considering voltage magnitude and phase angle differences between 
buses, the active power, 𝑃, and reactive power, 𝑄, can be transferred, bidirectionally. In 
order to study the bidirectional power flow, it should be assumed that both buses are 
capable of supplying and absorbing active and reactive power. 
 




Based on the direction of power flow, the active and reactive power equations can 
















𝑠𝑖𝑛(𝛾 + 𝜃1 − 𝜃2) (2-4) 








[|𝑉1| − |𝑉2|𝑐𝑜𝑠(𝜃1 − 𝜃2)] (2-6) 
Small changes in the voltage magnitude have a direct impact on the reactive power 
flow, while deviations in phase angle can change the active power flow in power grids. If 
𝜃1 > 𝜃2, the active power can be transferred from bus 1 to bus 2 and vice versa. Further, if 
𝑉1 > 𝑉2 , the reactive power can be transferred from bus 1 to bus 2 and vice versa. 
Therefore, the voltage magnitude and phase angle play the important roles in power 
transfer in power grids. 
2.2. Control Strategy and Power System Modeling 
2.2.1. Bidirectional Charging Station 
PHEV chargers should be installed off-board and onboard in a vehicle. Onboard 
chargers are built with a small size, low power rating, and can be used based on a slow 
charging mechanism. Off-board PHEV chargers are located at specific places and provide 
either a slow or fast charging mechanism. As a result, charging networks play an important 
role to support PHEVs. In addition, there are two common architectures (series and 
parallel) in the PHEV drivetrain. Moreover, a combination of these two (series-parallel 
architecture) is also used in some vehicles [1, 5-8, 77]. This chapter has considered a 
generic aggregation of PHEVs with different charging profiles. The number of vehicles in 




important factors in this model. This model is also capable of enabling vehicles to the grid, 
instantly. Table 2.1 shows the charging station specifications. 
Table 2.1. Charging station specifications 
Parameter Descriptions 
Rated Power 40 kW 
Rated Capacity 85 kWh 
Rated Voltage 50-600 VDC 
System Efficiency 90% 
No. of cars (different profile) 35, 25, 10, 20, 10 
The fundamental configuration of the charging station consists of a centralized 
AC/DC converter and different DC/DC converters as the charging lots. The AC/DC 
converter rectifies the three-phase AC input signal into a DC output signal. DC/DC 
converters have been used to regulate and shift the output signal to the desired level. A 
bidirectional charging station is capable of controlling the power flow in both directions 
between charging stations and power grids. 
Figure 2.2 illustrates the single-line diagram of the case study in this chapter [78]. 
Further, the proposed scheme of the grid-connected PHEV system is illustrated in this 
figure. The proposed model has a central AC/DC VSC station and different controllable 
DC/DC converters based on a certain number of PHEVs. All DC/DC converters are in a 
parallel architecture and are connected to a common DC bus, which has been regulated by 
the central AC/DC VSC station. Two different conditions have been assumed for the 
charging stations: (1) cars in regulation, which contribute to the grid regulation; and (2) 
cars in charge, which are regularly in the charging process. Therefore, there are two modes 
of operation for each PHEV: (1) regulation mode; and (2) charging mode. 
In order to minimize the output harmonics during the operation and switching 
processes of converters, an RL filter has been considered between the charging station and 
power grid. The charging system proposed in this chapter allows transferring the active 
and reactive power bidirectionally with the help of a control system. The control strategy 
mainly focuses on the AC/DC and DC/DC converters. By proper controlling the central 
AC/DC VSC station, injecting reactive power into the power grid to regulate the voltage, 




Moreover, an appropriate control mechanism for the DC/DC converters can ensure 
controlling the charging and discharging processes of PHEVs. This chapter has considered 
both charging and discharging operations, where the DC/DC converters are controlled by 
charge/discharge PHEV batteries. 
 
Figure 2.2. Single line scheme of the modified microgrid system (case study) 
2.2.2. Converter Station Control Systems 
As stated in Section 2.2.1, the converter station can work in two modes: (1) the 
regulation mode, and (2) the charge mode, and is capable of compensating reactive power, 
and consequently, regulating the voltage of the power grid during the charging and 
discharging processes of PHEVs. This section provides details of the control systems of 
the converter station in different modes. 
2.2.2.1. Grid Regulation Mode 
In order to contribute to the grid regulation, two controllers have been designed: (1) 
a grid regulation controller, and (2) a grid regulation power generation. Figure 2.3 shows 
the grid regulation controller scheme. This controller is fed by the maximum regulated 






Figure 2.3. Grid regulation controller scheme 
To achieve the maximum active power regulation, a control system that 
consistently checks the nominal active power, 𝑃𝑛𝑜𝑚, is proposed, as shown in figure 2.4. 
In this controller, the nominal active power, the number of cars in regulation, 𝑁, and an 
online key to enable the V2G mode are matter. Lastly, the output power has been limited 
within the standard range to be considered as the maximum regulated active power. There 
is a threshold (0.5) for passing the first input to the second input, 𝐶1, of this controller. 
 
Figure 2.4. Outer control system scheme for gaining maximum regulated active power 
In order to contribute to the grid regulation, real-time measurement of the 
frequency, 𝜔grid, is required. By comparing 𝜔grid and the reference frequency, 𝜔ref, the 
frequency deviation can be obtained. The frequency deviation should be less than 0.05%. 
Otherwise, the controller stops the process. To prevent sudden changes in the frequency 
deviation, the controller’s derivative has been utilized. By considering that the frequency 
deviation is within the standard range, two gains for the grid regulation controller have 
been set by the operator, the open-loop gain, 𝐾1, and the loop gain, 𝐾2. Changing these two 
gains has a direct impact on the SoC of all the cars in the charge mode. A zero-crossing 
detection integrator has been considered to minimize the disturbance and steady-state error 
of the input signal. The output signal of the integrator has been rechecked to avoid the 
maximum allowable regulated active power that is fed into the grid regulation power 





Figure 2.5. Control diagram of the grid regulation controller 
Furthermore, by controlling the voltage, and consequently, the current through 
another control system, the proposed control strategy can ensure a contribution to the grid 
regulation power generation, as shown in figure 2.6. 







where 𝑉𝑎𝑏  is the voltage between phases a and b, and 𝑉𝑏𝑐  is the voltage between 




3  (2-8) 
By using Equation (2-7) and decomposing the real and imaginary parts from the 










where 𝑉 and 𝐼 denote the voltage and current, respectively. 𝑆∗and 𝑉∗ represent the 
complex conjugate of the apparent power and the complex conjugate of the voltage, 
respectively. Accordingly, the controller feeds constant current into the power grid and 
regulates the voltage and frequency, simultaneously. 
 
Figure 2.6. Control diagram of the grid regulation power generation 
2.2.2.2. Charge Mode 
In order to control the PHEV station in charge mode, two states have been studied: 
(1) SoC, and (2) plug. The charge power generation controller requires the nominal active 
power and the number of cars in charge, 𝑀, as its inputs. Same as the grid regulation mode, 
a threshold (0.5) is used for passing the first input to the second input, 𝐶4, of the charge 
power generation control system. The threshold can guarantee safe operation. Figure 2.7 
shows the outer control diagram of the charge power generation controller. 
 




Same as the previous section, by regulating the voltage, and decomposing the real 
and imaginary parts of the apparent power of the charging system, a constant current, 𝐼𝑟𝑒𝑔, 
is obtained from the controller, and fed into the power grid. Figure 2.8 illustrates the inner 
control diagram of the charge power generation controller. 
 
Figure 2.8. The inner control diagram of the charge power generation controller 
Each group of cars has a certain charging profile. As mentioned, the car profile has 
been investigated by checking the SoC and plug states. Figure 2.9 demonstrates the control 
diagram of the profile of each PHEV in charge and regulation modes. In this control design, 
the SoC initialization and plug state have been implemented by using the Binary Search 
Method (BSM). Therefore, the SoC initialization and plug state have stochastic, but linear 
behavior. Complementary descriptions for the different profiles are provided in Section 
2.2.7. 
 





In order to control the output changes of the SoC initialization and plug state within 
limits, two state limiters have been considered. By capturing the SoC initialization and plug 
state, and the present values of the SoC in different profiles, the state estimator for each 
SoC controller has been designed. Figure 2.10 indicates the SoC controller, where the 
output of this controller is the State Estimator (𝑆𝐸%), and regulated for the charger 
controller. The SoC controller needs accurate information of the active power of the cars 
in charge, 𝑃𝑐ℎ𝑎𝑟𝑔𝑒, the number of cars in charge mode, 𝑀, the number of cars in the specific 
charging profile, 𝐿𝑖  (where 𝑖 = 1, … ,5), the number of cars in regulation mode, 𝑁, the 
active power of the cars in EV mode, 𝑃𝐸𝑉 , and the regulated output of the SoC initialization 
and plug state. 
 
Figure 2.10. The control diagram of the SoC controller 
The state estimation of batteries in PHEVs requires checking the mode of vehicles. 
The PHEV can be either in charge or EV mode. Therefore, there should be a switch to 
toggle between these two modes. By reaching the maximum level of the charge, the 
controller terminates the charging process. In the meantime, the controller checks the plug 
state dynamically, and if the PHEV is unplugged from the grid, it sends zero signal, 𝐶7, as 
shown in figure 2.10, and terminates the charging process. 
Assuming the PHEV is in charge mode, the charge/discharge efficiency has been 










where 𝜂 shows the efficiency. 
The SoC, which is converted to real-time by multiplying the present capacity by 
1000×3600, the plug state, and the charging state are sent to an integrator with the initial 
condition and dynamic saturation, and lastly, the output is multiplied by the number of cars 
in a particular profile to obtain the state estimation. State estimation from this stage is used 
as the SoC of the vehicles. Deriving the state estimation, the cars are checked whether they 
are either in the charge mode or regulation mode through the charger controller. Figure 
2.11 indicates the charger control diagram. In order to guarantee a high-efficiency output 
during the charging process, the state estimation has been set within the range of 85% and 
95%. Otherwise, the charger terminates the process. In fact, this can ensure both injecting 
power with high quality to the power grid during the regulation mode and charging the 
batteries during the charging mode. 
 
Figure 2.11. Control diagram of the charger 
Proper operation of the charging station of PHEVs lead to the energy balance of 
ESSs in PHEVs subject to the maximum and minimum operating limitations in charging 
and discharging power as follows: 








0 ≤ 𝑃𝑠,𝑖,𝑡,𝑐 ≤ 𝑘𝑠,𝑖,𝑡,𝑐 × 𝑃𝑠,𝑖,𝑐_𝑚𝑎𝑥 (2-12) 
0 ≤ 𝑃𝑠,𝑖,𝑡,𝑑𝑖𝑠𝑐 ≤ 𝑘𝑠,𝑖,𝑡,𝑑𝑖𝑠𝑐 × 𝑃𝑠,𝑖,𝑑𝑖𝑠𝑐_𝑚𝑎𝑥  (2-13) 
𝑘𝑠,𝑖,𝑡,𝑐 + 𝑘𝑠,𝑖,𝑡,𝑑𝑖𝑠𝑐 ≤ 1 (2-14) 
𝑘𝑠,𝑖,𝑡,𝑐 + 𝑘𝑠,𝑖,𝑡,𝑑𝑖𝑠𝑐 ∈ {0,1} (2-15) 
𝐸𝑠,𝑖,𝑚𝑖𝑛 ≤ 𝐸𝑠,𝑡 ≤ 𝐸𝑠,𝑖,𝑚𝑎𝑥  (2-16) 
where indices 𝑠, 𝑖, and 𝑡 refer to the 𝑠𝑡ℎ  energy storage system at the 𝑖𝑡ℎ bus in the 
𝑡𝑡ℎ time interval. Therefore, 𝐸𝑠,𝑖,𝑡 is the energy storage of the 𝑠
𝑡ℎ  energy storage system at 
the 𝑖𝑡ℎ bus in the 𝑡𝑡ℎ time interval in MWh. 𝜂𝑠,𝑖,𝑐 and 𝜂𝑠,𝑖,𝑑𝑖𝑠𝑐  are charging and discharging 
efficiencies, respectively. 𝑃𝑠,𝑖,𝑡,𝑐  and 𝑃𝑠,𝑖,𝑡,𝑑𝑖𝑠𝑐  are charge and discharge power, and 𝑘𝑠,𝑖,𝑡,𝑐 
and 𝑘𝑠,𝑖,𝑡,𝑑𝑖𝑠𝑐  are the binary variables for charging and discharging operations of the 𝑠
𝑡ℎ  
energy storage system at the 𝑖𝑡ℎ bus in the 𝑡𝑡ℎ time interval, respectively. 
Figure 2.12 shows the flow chart of the proposed bidirectional power charging 
strategy. According to the collected data from the installed meters, the amount of the active 
and reactive power in the system is checked. When V2G is not activated, the existing 
microgrid(s) satisfy the total load consumption, whether there is a contingency in the 
system or not. When V2G is activated, the SoC initialization and plug state of PHEVs are 
checked and based on them, the SoC can be estimated. According to the estimated SoC, 
PHEVs mode can be either in charge or regulations mode. By considering that there is no 
contingency in the system, the required power to charge PHEVs is supplied by the existing 
microgrid(s). Otherwise, all PHEVs in charge and regulation modes are passed through a 
regulation unit, and the regulated voltage and frequency are then used to update the active 





Figure 2.12. Flow chart of the proposed bidirectional power charging strategy 
2.2.3. Diesel Generator 
A three-phase synchronous machine in the dq-rotor reference frame with the engine 
governor and excitation system has been modeled and considered as the diesel generator 
to feed 15 MW active power to the power grid. The nominal power, line-to-line voltage, 
and frequency of the generator are 15 MW, 25 kV, and 60 Hz, respectively. The IEEE type 
1 synchronous generator voltage regulator combined with an exciter has been implemented 
as the excitation system. Moreover, the diesel governor has been modeled, where the 
desired and actual rotor speeds are the inputs and the mechanical power of the diesel engine 
is the output. Further, the motor inertia has been combined with the generator. The design 
considerations for the governor are made through the regulation of the controller and 
actuator as follows: 
𝐻𝑐 =
𝐾(1 + 𝑇3𝑠)
(1 + 𝑇1𝑠 + 𝑇1𝑇2𝑠)
 (2-17) 
where 𝐻𝑐  is the controller transfer function, 𝐾 is the regulator gain, and 𝑇1, 𝑇2, and 







𝑠((1 + 𝑇5𝑠)(1 + 𝑇6𝑠))
 (2-18) 
where 𝐻𝑎  is the actuator transfer function, and 𝑇4, 𝑇5, and 𝑇6 are the regulator time 
constants, respectively. The engine time delay, 𝑇𝑑, has been set to 0.024 sec. It should be 
noted that 𝜔𝑟𝑒𝑓  and 𝑉𝑟𝑒𝑓  of the diesel engine governor and excitation system have been set 
to 1 p.u. 
Accordingly: 










, and Δ𝜔 = 𝜔 −𝜔𝑟𝑎𝑡𝑒𝑑 . 𝑇𝑚 , 𝑇𝑒 , 𝜔𝑚 , and 𝜔𝑒  are the 
mechanical torque of the synchronous generator rotor shaft input from the prime mover, 
stator electromagnetic torque, mechanical speed of the rotor, and synchronous speed, 
respectively. 𝐷 indicates the damping coefficient, 𝜔 and 𝜔𝑟𝑎𝑡𝑒𝑑  are the actual electrical 
and rated angular velocities, respectively. 𝑃𝑚  and 𝑃𝑒  are the mechanical and 
electromagnetic power, respectively. 𝐽  shows the rotational inertia, and 𝜃  indicates the 
electrical angle. 
In addition: 
𝐸0 = 𝑉𝑠 − 𝐼(𝑟𝑎 − 𝑗𝑥𝑠) (2-20) 
where 𝐸0 , 𝑉𝑠 , and 𝐼  are the three-phase stator winding electromotive force, the 
stator voltage and current, respectively. Moreover, 𝑟𝑎  and 𝑥𝑠  indicate the armature 
resistance and stator reactance, respectively. 
2.2.4. Wind Farm 
As the second source of energy, a wind farm with 4.5 MW nominal power capacity, 
with 13.5 m/s as the nominal wind speed, and 15 m/s as the maximum wind speed, is 




grid under a stochastic condition (uncertainty). The generated power by the wind farm can 







0                                     0 ≤ 𝑣𝑖 < 𝑣𝑐𝑢𝑡−𝑖𝑛
𝑣𝑖 − 𝑣𝑐𝑢𝑡−𝑖𝑛
𝑣𝑟 − 𝑣𝑐𝑢𝑡−𝑖𝑛
× 𝑃𝑟       𝑣𝑐𝑢𝑡−𝑖𝑛 ≤ 𝑣𝑖 < 𝑣𝑟
𝑃𝑟                                 𝑣𝑟 ≤ 𝑣𝑖 < 𝑣𝑐𝑢𝑡−𝑜𝑢𝑡
0                                           𝑣𝑖 ≥ 𝑣𝑐𝑢𝑡−𝑜𝑢𝑡
 (2-21) 
where 𝑃𝑤𝑖𝑛𝑑 is the active power generated by the wind farm, 𝑃𝑟 shows the rated 
power of the wind farm, 𝑣𝑖 indicates the wind speed, and 𝑣𝑐𝑢𝑡−𝑖𝑛, 𝑣𝑟, and 𝑣𝑐𝑢𝑡−𝑜𝑢𝑡 are the 
cut-in, rated, and cut-out speeds of the wind turbine, respectively. The output power of the 
wind farm has been treated as a negative load so that the power factor can be kept at a 
constant level. 
2.2.5. Loads 
A three-phase squirrel-cage asynchronous machine 1.5 MVA, 600 V, 60 Hz in the 
dq-reference frame (as the industrial load), and a set of loads with the nominal power of 10 
MW at 0.95 power factor (as the residential load) have been modeled as the loads’ case 
study. This model can represent the impact of inductive loads on the microgrid. The 
residential load follows a specific profile with the assigned power factor during the day. 
Further, the industrial load has been controlled by the square relation between the 
mechanical torque and the rotor speed. 
2.2.6. Power Transformers 
Two three-phase power transformers, a 20 MVA, 25kV/25kV, 60Hz transformer 
for the voltage regulation with Yg-Yg winding connections and a 20 MVA, 25kV/600V, 
60 Hz step-down transformer with Yg-Yg winding connections have been modeled as a 
part of transmission systems for the power system. 
2.2.7. Power System Modeling 
As shown in figure 2.2, a single-line diagram of a power system consisting of 




and the total generated power is 19.5 MW. One of the contributions of this thesis is to 
consider variable power loading levels for PHEVs, which lead to different profiles for the 
charging stations. Five different profiles have been assigned to PHEVs. Profile 1 is for 
vehicles with the possibility to be charged during the working hours. Profile 2 is for 
vehicles with the possibility to be charged during working hours but with a longer ride. 
Profile 3 is for vehicles with no possibility to be charged during the working hours. Profile 
4 is for vehicles which are parked at home and charged during the whole day. Profile 5 is 
for vehicles that are charged during the night shift. In this case, the impact of charging on 
the power grid has been investigated. In order to differentiate between the SoC of the 
PHEVs and the stand-alone battery packs, different charging and discharging cycles have 
been studied in this chapter. The generator balances the power and load demand. The 
generator determines the frequency deviations of the grid at the rotor speed. By using 
transformers, the voltage level has been stepped-down to suitable voltage levels for the 
power grid. Table 2.2 shows the corresponding values of the control parameters for the 
charging station system in the power grid. 
Table 2.2. Control parameters of the charging station 
Parameter Value 







𝐾3, 𝐾9, and 𝐾17 -1 
𝐾4, 𝐾7, 𝐾8, and 𝐾12 e
(-j2π/3) 
𝐾5 and 𝐾10 1/3 
𝐾6 and 𝐾11 2/3 






It is well-known that the PHEV charging process highly depends upon the 
connection point to the power system. This means that by connecting the PHEV to a weak 
bus, more power drains from the grid and the voltage drop increases, and consequently, it 




Two scenarios have been investigated in 24 hours. The wind speed varies during 
the day and has multiple maximum and minimum values. The residential load consumption 
profile is similar to that of the real world. The demand is low during the day, increases to 
the peak value during the evening and night, and gradually decreases during the late night. 
Two events have significantly affected the grid frequency during the day: (1) event 1, 
which is the asynchronous machine (industrial load) start-up at t = 03:00 a.m., and (2) event 
2, which is the wind farm outage at t = 10:00 p.m., when the wind speed exceeds the 
maximum speed. The case study has been simulated under two different conditions for 
vehicles in regulation and charging modes. 
2.3. Results and Discussions 
The case study in this chapter conducts the power profile (the generated and 
consumed power) as the bidirectional power flow during a 24-hour. Contributions of the 
diesel generator and wind farm and the impact of PHEVs on the peak load reduction have 
been studied in this section. To study the bidirectional power flow, the active and reactive 
power balance of the system have been determined as follows: 








− 𝜃𝑗 + 𝜃𝑖𝑗)] = 0 
(2-22) 











cos(𝜃𝑖,𝑡 − 𝜃𝑗,𝑡 + 𝜃𝑖𝑗,𝑡) −
𝑉𝑖,𝑡𝑉𝑗,𝑡
𝑍𝑖𝑗
cos𝜃𝑖𝑗,𝑡 ≤ 𝑃𝑖𝑗,𝑚𝑎𝑥  (2-24) 
𝑉𝑖,𝑡𝑉𝑗,𝑡
𝑍𝑖𝑗
sin(𝜃𝑖,𝑡 − 𝜃𝑗,𝑡 + 𝜃𝑖𝑗,𝑡) −
𝑉𝑖,𝑡𝑉𝑗,𝑡
𝑍𝑖𝑗
sin 𝜃𝑖𝑗,𝑡 ≤ 𝑄𝑖𝑗,𝑚𝑎𝑥  (2-25) 
where indices i, j, s, and t refer to the bus i, bus j, the sth energy storage system, 




by the non-renewable energy source, the active power generated by the wind farm, the 
active power consumed by the load, the reactive power generated by the non-renewable 
energy source, and the reactive power consumed by the load at the ith bus in the tth time 
interval, respectively. Further, 𝑉, 𝜃, and 𝑍 indicate the voltage magnitude, and angle, and 
the impedance of the bus, respectively. 𝑃𝑖𝑗,𝑚𝑎𝑥 and 𝑄𝑖𝑗,𝑚𝑎𝑥 are the maximum allowable 
active and reactive power that can be transferred between the buses, respectively. 
2.3.1. V2G Mode is Deactivated 
Based on the results of the simulation for 86,400 sec. (24 hours), which is shown 
in figure 2.13, when the V2G system is not under operation, due to the defined scenarios 
during two different time intervals, one at 𝑡 =  03: 00 𝑎.𝑚. (10,800 sec.) and the second 
one at 𝑡 =  10: 00 𝑝.𝑚. (79,200 sec.), the industrial load bus voltage shows a significant 
change. Due to the first event, the voltage at all buses changes. Based on the nature of the 
load profile, the industrial load is not under operation before the third hour (the output 
power is 0 MVA), and the residential load reaches its minimum value (5.446 MVA), 
because of less usage of the normal resistive and inductive loads, such as lightings, 
refrigerators, etc. Therefore, the amount of current, and consequently, the drained power 
from the grid is not significant. At t = 10,800 sec., the industrial load starts up, and the 
power flow in the grid changes. The voltage at the industrial load bus drops, and the current 
increases drastically (from 0 to 2,184 A). Hence, 445.3 kW power is extracted as the power 
losses due to this event, and accordingly, this power is supplied by the diesel generator and 
wind farm. The total load demand at that time reaches 7.235 MVA, and the power grid 
supplies the load through the amount of generated power by the two microgrids, where the 
generation contributions of the diesel generator and wind farm are 5.328 MVA and 2.446 
MVA, respectively. Thus, the total generated power is derived as 7.774 MVA, which is 
more than the total load demand. It should be noted that when the V2G mode is deactivated, 
by increasing or decreasing the corresponding values of the controller’s gains (𝐾1 and 𝐾2), 





  (a)      (b)      (c)     (d) 
Figure 2.13. Voltage, current, the apparent power, active power and reactive power 
curves of (a) the diesel generator, (b) wind farm, (c) residential load, and (d) industrial 
load during 24 hours when the V2G system is not under operation 
As shown in figure 2.14, the total load consumption increases from 6.0980 MVA 
at 05:00 a.m. (21,600 sec.) to 8.1800 MVA at 10:00 p.m. (79,200 sec.). Based on the results 
of the simulation, the diesel generator and wind farm successfully supply the load demand, 
even during the contingency. The transient time related to the voltage regulation at each 
bus is minimized by proper operating of the controllers. This is achieved by defining the 
power flow constraints (Equations 2-24 and 2-25) for the power grid. When the wind farm 
has less generation or is not under operation for a certain period of the time, the diesel 
generator acts as a fast-response power supply to supply the load without interruption. 





Figure 2.14. Total generated and consumed power curves in 24 hours when the V2G 





















Table 2.3. Power flow results when the V2G system is not under operation 
Time Diesel Total Generation Total Demand Power Losses 
Wind 
00:00 a.m. 
3.3660 4.0660 3.8480 0.2180 
0.7000 
01:00 a.m. 
5.3350 6.6650 6.1430 0.5220 
1.3300 
02:00 a.m. 
5.4550 6.3890 5.9210 0.4680 
0.9340 
03:00 a.m. 
5.3280 7.7740 7.2350 0.5390 
2.4460 
04:00 a.m. 
5.1270 6.0610 5.6160 0.4450 
0.9340 
05.00 a.m. 
4.3380 6.7640 6.0980 0.6660 
2.4260 
06:00 a.m. 
6.1750 6.8025 6.3170 0.4855 
0.6270 
07:00 a.m. 
6.8530 7.7860 7.1920 0.5940 
0.9330 
08:00 a.m. 
7.8370 8.7710 8.0710 0.7000 
0.9340 
09:00 a.m. 
8.8380 9.7720 8.9470 0.8250 
0.9340 
10:00 a.m. 
8.9790 10.308 9.3830 0.9250 
1.3290 
11:00 a.m. 
9.6030 10.538 9.6060 0.9320 
0.9350 
12.00 p.m. 
7.4050 11.416 10.004 1.4120 
4.0110 
01:00 p.m. 
9.0070 11.437 10.260 1.1770 
2.4300 
02:00 p.m. 
10.140 11.470 10.370 1.1000 
1.3300 
03:00 p.m. 
10.640 11.574 10.480 1.0940 
0.9340 
04:00 p.m. 
10.910 11.844 10.700 1.1440 
0.9340 
05.00 p.m. 
9.2090 11.638 10.430 1.2080 
2.4290 
06:00 p.m. 
9.0070 11.436 10.260 1.1760 
2.4290 
07:00 p.m. 
10.120 11.054 10.040 1.0140 
0.9340 
08:00 p.m. 
9.4940 10.823 9.8260 0.9970 
1.3290 
09:00 p.m. 
6.6540 10.664 9.3870 1.2770 
4.0100 
10:00 p.m. 
8.3160 8.3250 8.1800 0.1480 
0.0120 
11:00 p.m. 
6.8520 7.7860 7.1950 0.5910 
0.9340 




Figure 2.15 shows the dynamic behavior of the converter station during the 
simulation time. As long as the breaker of the converter station is open and the V2G system 
is not under operation, the power consumption by the converter station is completely 
insignificant. However, the station detects the two events during the simulation time. It 
should be noted that the consumed power by the converter station is considered as the 
power losses in table 2.3. As shown in figure 2.15, in the regulation and charge modes, the 
consumed power by the converter station is close to zero. 
 
    (a)       (b) 
Figure 2.15. Voltage, current, the apparent power, active power, and reactive power 
curves of the converter station in (a) the charge mode and (b) the regulation mode in 24 
hours when the V2G system is not under operation 
2.3.2. V2G Mode is Activated 
When the V2G mode is activated, the operating impact of the V2G system changes 
the power flow of the grid. Theoretically, it is expected that when the V2G system is under 
operation, more power is supposed to be drained from the power grid. The more power 
consumed by the converter station, the greater the power required from the diesel generator 
and wind farm. Unlike the previous mode that the V2G mode was deactivated, the different 




than the previous operating mode. Figure 2.16 shows the results of the simulation in the 
V2G system operation. 
 
  (a)      (b)     (c)     (d) 
Figure 2.16. Voltage, current, the apparent power, active power and reactive power 
curves of (a) the diesel generator, (b) wind farm, (c) residential load, and (d) industrial 
load during 24 hours when the V2G system is under operation 
Unexpected events (contingency and/or outage) in the power system lead to a 
change in the voltage and frequency. Heavy load or generator outages can be considered 
as such changes that influence the voltage and frequency variations. As shown in figure 
17, based on the two defined scenarios, at 𝑡 =  10,800 𝑠𝑒𝑐., the industrial load starts up 
and drains power from the generation buses. The total generated power should satisfy the 
total load demand, including the cars in profiles 4 and 5. Due to the sudden changes in the 
power, the converter station detects the voltage and frequency variations, and the 
controllers switch to the regulation mode and contribute to the grid regulation, as shown in 
figure 2.17. However, the voltage curve in both charge and regulation modes fluctuates 
around its nominal value, the frequency deviations related to the power changes after the 
contingency are more visible. Due to rapid fluctuations in the voltage of the power supply 




system attempts to mitigate and eliminate this momentary flicker by regulating (or 
stabilizing) the voltage. 
 
    (a)       (b) 
Figure 2.17. Voltage, current, the apparent power, active power, and reactive power 
curves of the converter station in (a) the charge mode and (b) the regulation mode in 24 
hours when the V2G system is under operation 
According to the descriptions of the car profiles in Section 2.2.7, the behavior of 
the SoC varies based on the car profile. Figure 2.18 illustrates the SoC of the different car 
profiles during the day, when the V2G system is under operation. When the second 
scenario occurs at 𝑡 =  79,200 𝑠𝑒𝑐. , the level of the generated power is reduced 
significantly. Consequently, PHEVs switch to the regulation mode to contribute to the 
voltage and frequency regulation and restore the system to its previous condition. Because 
the cars in profile 4 are connected to the grid for the entire day, their contributions to the 
grid regulation are more severe. Also, due to the grid mode controller settings, a gradual 
increase in the SoC is expected. Due to the fact that the wind farm outage decreases the 
level of generated power, the system can reach a critical condition without utilizing proper 
control systems. 
It is observed that when the V2G mode is activated, by decreasing 𝐾1, the SoC of 




of the cars in profile 4 increases from 90.0 to 90.6. Decreasing 𝐾2 causes an inverse trend 
in the SoC variations. This means that the SoC of the cars in profile 4 increases, and then, 
gradually decreases. By increasing 𝐾2, the SoC of the batteries of the cars in profile 4 
moderately decreases during the simulation time. It should be noted that the minimum level 
of the SoC is 10%. 
 
Figure 2.18. SoC of the different car profiles in 24 hours when the V2G system is under 
operation 
Figure 2.19 illustrates the total generated and consumed power curves when the 
V2G system is under operation. As shown in this figure, the total load demand varies 
throughout the day and is met by the dispatchable generation unit. The generation units 
adjust operations to follow the load pattern. When the V2G system is not under operation, 
there is only one peak point during the entire simulation time. However, when the V2G 
mode is activated, the number of peak points is increased due to the different car profiles. 
The peak points are met when the number of car-users is increased, and the generation units 
are forced to generate more power. The maximum peak point has been detected between t 
= 17:00 and t = 18:00, because cars in profiles 1, 3, 4, and 5 are all in the charging mode. 
Although the wind farm has been under operation, the diesel generator has been operated 




peak point of 8.107 MVA as the generated power, and 7.435 MVA as the total load 
demand. The loads have met the minimum value of 5.616 MVA at 𝑡 =  14,400 𝑠𝑒𝑐. where 
the generated power has been 6.062 MVA. Between 𝑡 =  14,400 𝑠𝑒𝑐. and 𝑡 =
 16,550 𝑠𝑒𝑐., the total load demand has increased to 6.303 MVA (due to the different 
charging profiles), and the generation units have followed the load profile, and have 
generated 6.831 MVA. Over time, the total load level has shown an overall increasing trend 
and increased from 6.100 MVA at t = 18,800 sec. to 6.317 MVA at t = 21,600 sec. and 
8.071 MVA at t = 28,800 sec., where the total generated power has reached 6.766 MVA, 
6.802 MVA, 8.771 MVA, respectively. The power grid has experienced the second 
increase between t = 28,800 sec. and t = 30.160 sec. in which more cars have been in the 
charging mode. During this time interval, the total load demand has increased from 9.916 
MVA to 10.200 MVA, and the generated power has been 10.680 MVA and 11.020 MVA, 
respectively. The same trend has been observed between t = 30,940 sec. and t = 64,800 sec. 
in which the number of PHEVs in charge has been increased. The demand has changed 
from 8.591 MVA to 10.270 MVA, and correspondingly, the generated power has varied 
from 9.365 MVA to 11.440 MVA, respectively. At the third peak point, the generated 
power has reached its maximum capacity where approximately the total load demand has 
been 12.650 MVA. From t = 66.200 sec. to t = 79,200 sec., both the total load demand and 
generated power have decreased, but in general, their corresponding values have remained 
at a high level. At t = 79,200 sec., the power grid has lost 4.5 MW active power due to the 
outage of the wind farm and accordingly, there has been an intensive drop in the generated 
power, and the load demand has been more than the generated power. This could interrupt 
the power flow, and there has been this need to use an auxiliary system, such as the V2G 
system to restore power. As shown in figure 2.19, PHEVs have supported the grid and 
contributed to the voltage and frequency regulation, and also the robustness of the proposed 
control system has been illustrated. The decreasing trend in both the generated power and 





Figure 2.19. Total generated and consumed power curves in 24 hours when the V2G 
system is under operation 
2.4. Summary 
This chapter reveals the impact of PHEVs charging on the power grid. A 
bidirectional charging station with a novel control strategy is proposed to solve the problem 
of voltage and frequency regulation in the power system due to the charging of PHEVs. A 
central AC/DC VSC converter station is investigated to inject active and reactive power 
into the power grid to regulate the voltage and frequency and reduce the peak load, as well 
as power quality improvement by considering the SoC and available active power in power 
grids. The proposed control strategy allows PHEVs to contribute to the grid regulation 
when an event occurs in a DG-based power grid consisting of different microgrids, diesel 
generator and wind farm, PHEVs with several charging profiles, and different loads. The 










An Improved Droop-Based Control Strategy for MT-HVDC Systems 
3.1. VSC-HVDC Station in MT-HVDC Systems 
3.1.1. VSC-HVDC Station Control Strategy 
The MT-HVDC system consists of several Voltage-Sourced Converter (VSC)-
HVDC stations, which are connected to each other via the DC grids. The DC voltage level 
at each bus should be fixed or in a small window of maximum and minimum limits. Each 
terminal should be capable of adopting various control strategies depending on the system 
requirements. Therefore, a proper VSC-HVDC system should be capable of monitoring 
and controlling both the AC-side and DC-side parameters. On the AC side and considering 
the type of the power grid connection, the VSC-HVDC station can operate in constant 𝑉𝐴𝐶-
mode or constant 𝑄-mode. It is also possible to add 𝑓-droop controller in the AC-bus 
control. On the DC side, the VSC-HVDC station can operate in constant 𝑉𝐷𝐶 -mode, 
constant 𝑃-mode, or constant 𝐼𝐷𝐶-mode. Considering the connected VSC-HVDC station to 
the AC generator(s) as the single power source in the AC grid, none of the DC parameters 
can be controlled. 
3.1.1.1. Constant AC Voltage Control 
The main objective of the constant 𝑉𝐴𝐶  control strategy is to maintain the level of 
the AC voltage at the Point of Common Coupling (PCC) constant. This strategy is utilized, 
when the connected VSC-HVDC station to the AC generator(s) is the single power source 
in the entire power grids. Therefore, the power flow is dependent on the grid structure and 
consequently, the active and reactive power flows are not decoupled. It should be noted 
that in this control strategy, there is no need for frequency control. 
3.1.1.2. Constant Active Power-AC Voltage Control 
In the long transmission lines, when the resistance (𝑅) and inductance (𝐿) are too 




constant, the VSC-HVDC station should be capable of regulating the level of the AC 
voltage. Therefore, the 𝑃 − 𝑉𝐴𝐶  control strategy is utilized, when both constant active 
power flow and AC voltage is required. The constant active power flow is achieved using 
the active power flow controller. 𝑃𝑟𝑒𝑓  comes from a central power dispatching VSC-
HVDC station or sets by operators manually. 
3.1.1.3. AC Voltage-DC Voltage Control 
The 𝑉𝐴𝐶 − 𝑉𝐷𝐶  control strategy is applied, when the transmission lines have a 
significant voltage drop and the aim is to regulate the level AC voltage, as well as the DC 
voltage, by the VSC-HVDC station. To control 𝑉𝐴𝐶  and 𝑉𝐷𝐶 , the reactive power flow 
controller and active power flow controller are required, respectively. 
3.1.1.4. Active Power-Reactive Power Control 
When the level of the AC voltage is constant by itself, the constant 𝑃 − 𝑄 control 
strategy is required. In this control strategy, 𝑃𝑟𝑒𝑓 and 𝑄𝑟𝑒𝑓 are needed to be assigned for 
each VSC-HVDC station. 
3.1.1.5. Reactive Power-DC Voltage Control 
In the 𝑄 − 𝑉𝐷𝐶  control strategy, the level of the AC voltage is constant by itself and 
there is the need for regulating the DC voltage. Also, the generated reactive power can be 
consumed at the other buses in the AC grid. 
3.1.1.5. Frequency Control 
When the 𝑓 control strategy is applied, the VSC-HVDC station contributes to the 
aggregated frequency regulation (based on the specific droop characteristics) of the AC 
grid. 
3.1.2. VSC-HVDC Station Configuration 
Figure 3.1 illustrates the complete structure of a two-level VSC-HVDC station in 
the 𝑑𝑞 reference frame. A two-level VSC-HVDC station consists of a six-pulse bridge with 




the opposite direction enables power flow in either direction. The transformer in the AC 
side transforms the level of the AC voltage into a level, which is suitable for the converter. 
A passive filter should be used to minimize the AC voltage ripples and isolate the 
harmonics in the current due to the IGBT switching away from the AC grid. It should be 
noted that the shunt capacitance and resistance, and the series inductance of the DC grids 
are neglected. The DC capacitor can minimize the DC voltage ripples. For the long 
transmission lines, only the series resistance should be considered for the DC links. The 
VSC-HVDC station consists of a three-phase switch-mode converter and uses the Pulse 
Width Modulation (PWM) technique to control its phase voltage [17]. 
 




3.1.3. VSC-HVDC Station Operation 
The inner current controller, shown in figure 3.1, is equipped with a Phase Lock 
Loop (PLL) to instantaneously determine the phase angle and frequency. Furthermore, the 
inner current controller depends on the synchronously rotating reference frame for 
observing all the AC voltage and current quantities involved in the VSC-HVDC stations. 
As shown in figure 3.1, the inner controller should be fed by the outer controllers. 
Considering the control mode, the outer controllers provide the reference current to the 
VSC-HVDC station. Moreover, the inner current controller prevents overloading during 
faults and evaluate the voltage drop on the AC side. 
In order to analyze the operation of the VSC-HVDC station and considering that 
the converter station is connected to an AC grid, the voltage on the AC side of the VSC-
HVDC station can be calculated by applying the Kirchhoff’s Voltage Law  (KVL) as 
follows: 
𝑉𝑥,𝑎𝑏𝑐 = 𝑅𝐼𝑎𝑏𝑐 + 𝐿
𝑑𝐼𝑎𝑏𝑐
𝑑𝑡
+ 𝑉𝑟,𝑎𝑏𝑐 (3-1) 
where 𝑉𝑥,𝑎𝑏𝑐  is the voltage on the AC side, 𝑉𝑟,𝑎𝑏𝑐  is the input voltage of the 
converter station, 𝐼𝑎𝑏𝑐 is the injected current to the converter station, and 𝑅 and 𝐿 are the 
resistance and inductance between the converter station and the AC grid, respectively. 
Neglecting the power losses, on the steady-state, the DC-side active power is equal 
to the AC-side active power. Therefore, 
𝑃𝑎𝑏𝑐 = 𝑃𝐷𝐶  (3-2) 
To achieve a decoupled control of active and reactive power, Equation (3-1) should 




































































































































The voltage across the inductor in Equation (3-1) should be applied to each current 
separately. Moreover, the time derivative of the voltage of the inductor in the 𝑑𝑞 reference 
frame requires to consider 
𝑑𝜃
𝑑𝑡
= 𝜔, where 𝜔 is the angular frequency of the fundamental 
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The two parts in Equation (3-6) are the two expressions that can describe the current 



















𝐼𝑞 −𝜔𝐼𝑑 (3-8) 




((𝑉𝑑𝐼𝑑) − 𝑗(𝑉𝑞𝐼𝑞)) (3-9) 




(𝑉𝑥,𝑑𝐼𝑑 + 𝑉𝑥,𝑞𝐼𝑞) (3-10) 
The inner controller of the VSC-HVDC station can be implemented using Equation 




the controller term. Using the PI controller, the dominant poles of VSC-HVDC station can 
be canceled by zeros of the PI controller. The nonlinear term in Equation (3-1) causes the 
static error at the steady-state. Therefore, using the PI controller with the feedback of the 
instantaneous value of 𝐼𝑑  and 𝐼𝑞, both current vectors can be regulated. Correspondingly, 
the nonlinear term can be traced by 𝐼𝑑
∗  and 𝐼𝑞
∗ in the inner control loop with 𝐼𝑑 and 𝐼𝑞. It 
should be noted that 𝐼𝑑
∗  and 𝐼𝑞


















∗ − 𝐼𝑞) (3-12) 
Substituting Equations (3-11) and (3-12) in Equation (3-1), the inner current 
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This method is called the decoupled current control strategy. 
At the same time, two of the following types of the outer controller can be applied 
to control the VSC-HVDC station. 
 Active Power Flow Controller 
The 𝑑𝑞 reference frame is selected in a direction such that the 𝑑-axis is in the same 
phase as the voltage of the AC source. Therefore, 
𝑉𝑥,𝑞 = 0 (3-14) 








Equation (3-15) suggests that the active power flow can be controlled using 𝐼𝑑, and 
correspondingly, the output of the active power flow controller is 𝐼𝑑
∗ . 
 DC Voltage Controller 
Neglecting the converter losses and considering 𝑃𝑖 as the power transferred from 
the AC side to the DC side, and 𝑃𝐷𝐶  and 𝑃𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑜𝑟 as the power flowing into the DC grid 
and the DC capacitor, respectively, the active power balance of VSC-HVDC station can be 
written as follows: 
𝑃𝑖 = 𝑃𝐷𝐶 + 𝑃𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑜𝑟 (3-16) 
where, 
𝑃𝐷𝐶 = 𝑉𝐷𝐶𝐼𝐷𝐶  (3-17) 
and, 













− 𝐼𝐷𝐶  (3-20) 
where 𝐶 is the capacitance of the DC-link capacitor.  
Equation (3-20) shows that the DC voltage can be controlled using 𝐼𝑑. Although 




voltage can be controlled without using a feedforward control loop. The reason is that the 
PI controller is capable of maintaining the DC voltage constant. 
According to the above-mentioned explanations, figure 3.2 shows the complete 
block diagram of the active power flow and DC voltage controllers of the VSC-HVDC 
station. 
 
Figure 3.2. The complete block diagram of the active power flow and DC voltage 
controllers 
 Reactive Power Flow Controller 




𝑉𝑥,𝑑𝐼𝑞  (3-21) 
Equation (3-21) suggests that the reactive active power flow can be controlled using 
𝐼𝑞. As a result, the output of the reactive active power controller is 𝐼𝑞
∗. 
 AC Voltage Controller 
The same as the DC voltage control, the AC voltage can be controlled using the 
reference and measured AC voltage signals. The output of this controller is 𝐼𝑞
∗. Also, the 
AC voltage can be controlled with a feedforward control loop. Figure 3.3 demonstrates the 






Figure 3.3. The complete block diagram of the reactive power flow and AC voltage 
controllers 
It should be noted that equipping the outer controllers with the droop-based 
controllers balances the power and enforces the stability of MT-HVDC systems. 
 DC Voltage-Droop Controller 
The 𝑉𝐷𝐶-droop control strategy is applied, when two or more VSC-HVDC stations 
in MT-HVDC system have to regulate the DC voltage according to their predetermined 
𝑉𝐷𝐶 -droop characteristics. In other words, the 𝑉𝐷𝐶 -droop control strategy enables 






∗ − 𝑉𝐷𝐶) (3-22) 
where ∆𝑃𝑉
∗ is the power reference deviation generated by the 𝑉𝐷𝐶-droop controller, 
𝑉𝐷𝐶
∗  is the reference voltage, and 𝐾𝑉 represents the 𝑉𝐷𝐶-droop parameter (𝐾𝑉 < 0). 
∆𝑃𝑉
∗ > 0 shows the power injection from the DC grid to the AC grid. 
 Frequency-Droop Control 
A converter station equipped with the 𝑓 -droop controller participates in the 
frequency regulation of the AC grid that it is connected to and modifies the 𝑃𝑟𝑒𝑓 according 










∗ is the power reference deviation generated by the 𝑓-droop controller, 𝑓∗ 
is the reference frequency, and 𝐾𝑓 is the 𝑓-droop parameter (𝐾𝑓 > 0). 
∆𝑃𝑓
∗ > 0 shows the power injection from the DC grid to the AC grid. 
The Power Factor (PF) of the VSC-HVDC station should always be close to one to 
synchronize the power transfer into the AC grid. Synchronizing the AC voltage of the 
converter station with the AC voltage of the grid and comparing it with zero (as the steady-
state error in voltage reference in the 𝑞-axis) leads to Equation (3-14). Using the PLL, the 
displacement angle between the Clark and Park vectors can be obtained and consequently, 
the frequency of the AC voltage of the converter station becomes equal to the frequency of 
the AC grid. It should be noted that to transform from the three-phase voltage into the 𝑑𝑞 
reference frame, the displacement angle is needed for matrix multiplication. Figure 3.4 
shows the extraction of the displacement angle from the three-phase voltage. Technically, 
a complete PLL has three back-to-back components, which are the voltage controlled 
oscillator, the phase detector, and the loop filter. 
 
Figure 3.4. The PLL control diagram 
3.2. Proposed Improved Droop-Based Control Strategy for MT-HVDC Systems 
3.2.1. Proposed Improved Droop-Based Control System 
Figures 3.5 and 3.6 show the proposed improved droop-based control strategy for 
MT-HVDC systems, in which 𝐼𝑑
∗  and 𝐼𝑞
∗ can be obtained from the two outer controllers. 
The combination of the droop-based controllers provides a strong DC grid, balances the 






Figure 3.5. The proposed improved droop-based outer controller to obtain 𝐼𝑑
∗  
 
Figure 3.6. The proposed improved droop-based outer controller to obtain 𝐼𝑞
∗ 
3.2.2. Optimal Tuning of the PI Controllers 
Optimal performance of the control loops is achieved by optimal tuning the PI 
controllers. This leads to a faster response of the system and minimizing the damping 
oscillations. To increase the cut-off frequency, 𝜔𝑐.𝑜., of the control loops (with low-order 
transfer functions), the Modulus Optimum Technique (MOT) is used. Considering a 
dominant and minor pole in the transfer function, the MOT selects the integral time 
constant of the PI controller to cancel out the dominant pole. 


















where 𝐾𝑃𝐼 and 𝑇𝑃𝐼 are the proportional gain and time constant of the PI controller, 
respectively. 𝑠 denotes the Laplace operator, 𝜏 =
𝐿
𝑅
 is the time constant, and 𝑇𝑤 =
1
2𝑓𝑠
 is the 
time delay of the converter (due to the sinusoidal PWM technique), where 𝑓𝑠  is the 
switching frequency of the converter. 
𝜏 ≫ 𝑇𝑤  is required to cancel the dominant poles in the external control system. 
Moreover, considering 𝑇𝑃𝐼 = 𝜏 , and 𝜔𝑐.𝑜. ≪
1
𝑇𝑤
, any noise and interference from the 
switching frequency components can be avoided.  
As the unity gain at 𝜔𝑐.𝑜. is required, Equation (3-25) can lead to determining the 
proportional gain of the PI controller given in Equation (3-26). 












𝐾𝑃𝐼 = 𝜔𝑐.𝑜.𝑇𝑃𝐼𝑅|1 + 𝑗𝜔𝑐.𝑜.𝑇𝑤| (3-26) 
The OLTFs of the DC voltage control loop, active and reactive control loop, and 
AC voltage control loop are given in Equations (3-27)-(3-29), respectively. 
































where 𝑇𝑒𝑞 is the total time delay (𝑇𝑒𝑞 = 𝑇𝑃𝐼 + 𝜏 + 𝑇𝑤). 
Assuming a pole of the OLTF close to the origin or at the origin by itself, the MOT 




method is used for specifying the PI controllers. The SO method can maximize the phase 
margin.  
Considering the OLTF of the DC voltage control loop, the phase angle of the DC 
voltage control loop is given as follows: 
∠𝑂𝐿𝑇𝐹𝑉𝐷𝐶 = Φ𝑚 − 180° (3-30) 
where Φ𝑚 is the phase margin. 

















) = 𝛼 (0 < 𝛼 < 16), the phase angle of 
Φ𝑚 can be written as follows: 
∠Φ𝑚 = 𝛼 − (90° − 𝛼) (3-32) 
and accordingly, 





= tan(𝛼) = √
1 − cos (2𝛼)
1 + cos (2𝛼)
= √
1 + sin (Φ𝑚)
1 − sin (Φ𝑚)
 (3-34) 
Equation (3-34) results in the integral time constant as follows: 
𝑇𝑃𝐼 = 𝑇𝑒𝑞 (
1 + sin(Φ𝑚)
1 − sin(Φ𝑚)




where 𝜎 is constant number.  
As the unity gain at 𝜔𝑐.𝑜. is required, therefore, 



































3.2.3. Operation of the Proposed Improved Droop-Based Control System 
3.2.3.1. Principle and Operation of the Improved Droop-Based Controllers 
Assume the level of the DC voltage in the DC grid decreases. Therefore, the DC 
voltage-droop controller modifies the amount of power by the VSC-HVDC station. This 
modification decreases the frequency of the AC grid connected to the VSC-HVDC station 
and the frequency-droop controller opposed the action of the DC voltage-droop controller 
and regulates the frequency of the AC grid. 
Considering 𝑛 converters in an MT-HVDC system, then, 
∆𝑉𝐷𝐶𝑖 = ∆𝑉𝐷𝐶 ,     ∀𝑖 ∈ {1,… , 𝑛}  (3-38) 
Assuming an outage of a power generation unit or a significant change in the load 
level, the active power deviation of all converters equipped with the proposed improved 






















As the variation of the power losses is disregarded and due to the fact that the 
converter equipped with the DC voltage-droop controller balances the power of the DC 
grid, therefore, ∑ ∆𝑃𝑖
𝑛
















In other words, 
(𝑉𝐷𝐶𝑖















Therefore, the effective active power deviation for the 𝑗𝑡ℎ  converter of the MT-



















∗ − 𝑓𝑗) (3-42) 
Equation (3-42) shows the effective active power deviation generated by the 
frequency-droop controller of the 𝑗𝑡ℎ  converter of the MT-HVDC system. Also, the 
contribution of the 𝑗𝑡ℎ  converter of the MT-HVDC system participating in the DC voltage 









Considering a fault on the AC grid and 𝑘 converters are connected to the faulty AC 
grid, as the frequency should be regulated throughout the entire system, the effective active 



























Assume there is only one VSC-HVDC station connected to the faulty AC grid. 













∗ − 𝑓𝑗) (3-44) 
Equation (3-44) shows that the effective frequency-droop parameter, 𝐾𝑓𝑗
′ , which is 
the ratio of the frequency-droop parameter and the active power deviation for the 𝑗𝑡ℎ  




















In addition, the AC voltage-droop controller modifies the level of the AC voltage 
in the AC grid. The reactive power deviation of all converters equipped with the proposed 












3.2.3.2. Impact of the Improved Droop-Based Controllers’ Limits 
There are limits for the proposed improved droop-based controller. In other words, 
the droop controller’s limits prevent the active power deviation generated by the DC 
voltage-droop controller, the active power deviation generated by the frequency-droop 




𝑖𝑡ℎ converter of the MT-HVDC system from becoming higher than ±∆𝑃𝑉𝐷𝐶𝑖𝑚𝑎𝑥
, ±∆𝑃𝑓𝑖𝑚𝑎𝑥, 
and ±∆𝑄𝑉𝐴𝐶𝑖𝑚𝑎𝑥












∆𝑃𝑓𝑖 = Γ(∆𝑓𝑖)min {|
1
𝐾𝑓𝑖
∆𝑓𝑖| , ∆𝑃𝑓𝑖𝑚𝑎𝑥}                          
∆𝑄𝑉𝐴𝐶𝑖 = −Γ(∆𝑉𝐴𝐶𝑖)min {|
1
𝐾𝑉𝐴𝐶𝑖
∆𝑉𝐴𝐶𝑖 | , ∆𝑄𝑉𝐴𝐶𝑖𝑚𝑎𝑥
}
 (3-47) 
where for 𝑥 ∈ ℝ, Γ(. ) is defined as follows: 
Γ(𝑥) = {
1,    𝑥 > 0
0,    𝑥 = 0
−1,   𝑥 < 0
 (3-48) 

















}                          
 (3-49) 
Therefore, neglecting the possible variation of the active and reactive power losses 

























= 0                            
 (3-50) 
Assume 𝑚 converters are reached ∆𝑃𝑉𝐷𝐶𝑖𝑚𝑎𝑥
































= 0                               
 (3-51) 
Considering the 𝑗𝑡ℎ  converter of the MT-HVDC system (𝑗 > 𝑚), and 𝐾𝑉𝐷𝐶𝑖 < 0 








































If the maximum power deviation of the 𝑗𝑡ℎ  converter of the MT-HVDC system 


































= 0                      
 (3-54) 
Based on the above-mentioned explanations, the coupling between the DC voltage-
droop and frequency-droop controllers leads to dynamically modifying their droop 
parameters. This also induces a modification of the dynamics of the MT-HVDC system. 
It should be noted that the AC voltage-droop controller is independent and the 




same strategy as the DC voltage-droop control without the frequency terms is valid for the 
AC voltage-droop controller. 
3.3. Results and Discussions 
To validate the performance of the proposed improved droop-based control system, 
a five-terminal MT-HVDC system consisting of five VSC-HVDC stations connected to 
different types of AC systems is modeled in PSCAD/EMTDC and MATLAB software. 
Figure 3.7 shows the configuration of the studied five-terminal MT-HVDC system. 
 
Figure 3.7. The configuration of the studied five-terminal MT-HVDC system 
For all VSC-HVDC stations, 𝑅 = 0.06 Ω , 𝐿 = 4.8 𝑚𝐻 , and 𝐶 = 800 𝜇𝐹 . The 
switching frequency in all VSC-HVDC stations is set to 5 kHz. The DC links between the 
VSC-HVDC stations are represented by series resistances of 0.01 Ω. To protect the DC 
grids against the DC faults, two hybrid DC circuit breakers are installed at both ends of 
each DC link [144]. 
It is considered that VSC-HVDC stations #1, #2, #3, #4, and #5 are operated in 
constant DC voltage, constant AC voltage, constant active power, constant active power-




station #1 is in converter mode (𝑄 − 𝑉𝐷𝐶  control (negative power)), VSC-HVDC station 
#2 is in inverter mode (constant 𝑉𝐴𝐶  control (positive power)), VSC-HVDC station #3 is in 
inverter mode (constant 𝑃 − 𝑄  control (positive power)), VSC-HVDC station #4 is in 
converter mode and (𝑃 − 𝑉𝐷𝐶  control (negative power)), and VSC-HVDC station #5 is in 
inverter mode (𝑉𝐴𝐶 − 𝑉𝐷𝐶  control (positive power)). 
For all the PI controllers of the inner current controllers, the proportional gain and 
integral time constant are set to 4 and 0.0133, respectively. For VSC-HVDC station #1, the 
proportional gain and integral time constant of the outer current controller (reactive power 
controller) are set to -0.43 and 0.0267, respectively. For VSC-HVDC station #2, the 
proportional gain and integral time constant of the outer current controller (AC voltage 
regulator) are set to 3 and 0.05, respectively. For VSC-HVDC station #3, the proportional 
gain and integral time constant of the outer current controllers are set to 0.43 and 0.0267 
(for the active power controller) and -0.43 and -0.0267 (for the reactive power controller), 
respectively. For VSC-HVDC station #4, the proportional gain and integral time constant 
of the outer current controllers are set to 0.43 and 0.0267 (for the active power controller), 
50 and 0.005 (for the AC voltage regulator) and -0.43 and -0.0267 (for the reactive power 
controller), respectively. For VSC-HVDC station #5, the proportional gain and integral 
time constant of the outer current controllers are set to 50 and 0.005 (for the AC voltage 
regulator) and -0.43 and -0.0267 (for the reactive power controller), respectively. 
The initial settings of the system are 𝑉𝐷𝐶𝑟𝑒𝑓
𝑉𝑆𝐶−𝐻𝑉𝐷𝐶#1 = 50 𝑘𝑉 , 𝑉𝐴𝐶𝑅𝑀𝑆
𝑉𝑆𝐶−𝐻𝑉𝐷𝐶#2 =
24.5 𝑘𝑉, 𝑃𝑟𝑒𝑓
𝑉𝑆𝐶−𝐻𝑉𝐷𝐶#3 = 0 𝑀𝑊 , and 𝑃𝑟𝑒𝑓
𝑉𝑆𝐶−𝐻𝑉𝐷𝐶#4 = 0 𝑀𝑊 . It is assumed that at 𝑡 =
3 𝑠𝑒𝑐., a load of 20 MVA at 1 PF is switched on at Bus 6. Then, at 𝑡 = 7 𝑠𝑒𝑐., an additional 
load of 11.4 MW at 0.8 PF is switched on at Bus 6. After that, at 𝑡 = 12 𝑠𝑒𝑐., 𝑃𝑟𝑒𝑓
𝑉𝑆𝐶−𝐻𝑉𝐷𝐶#4 
is set to -50 MW (rectifier mode). Then, At 𝑡 = 16 𝑠𝑒𝑐., 𝑃𝑟𝑒𝑓
𝑉𝑆𝐶−𝐻𝑉𝐷𝐶#3 is set to 40 MW 
(inverter mode). At 𝑡 = 19 𝑠𝑒𝑐. , 𝑄𝑟𝑒𝑓
𝑉𝑆𝐶−𝐻𝑉𝐷𝐶#3  is set to 30 MVAR (reactive power 
generation). To check the stability of the system, the VSC-HVDC station #1 is 
disconnected from the system at 𝑡 = 24 𝑠𝑒𝑐., and lastly, at 𝑡 = 29 𝑠𝑒𝑐., the VSC-HVDC 
station #3 is disconnected from the system. To check the performance of the studied system, 




3.3.1. Scenario 1: The Case Study with Four VSC-HVDC Stations 
In the first scenario, it is assumed that the VSC-HVDC station #5 is disconnected 
from the entire system. This is done by keeping the DC breaker at Bus 5 open for the entire 
simulation time. Therefore, the VSC-HVDC station #1 solely controls the DC voltage in 
the entire system. Figures 3.8, 3.9, 3.10, and 3.11 show the DC voltage, AC voltage, active 
power flow, and reactive power flow of the system when the VSC-HVDC station #5 is 
disconnected from the grid. 
As the simulation results demonstrate when the VSC-HVDC station #1 is 
disconnected from the grid at 𝑡 = 24 𝑠𝑒𝑐., there is not enough power supply and therefore, 
the level of the DC voltage drops from 53.18 kV to approximately 36 kV. Also, the 
disconnection of the VSC-HVDC station #3 from the grid at 𝑡 = 29 𝑠𝑒𝑐. results in excess 
power inflow into the MT-HVDC system and in turn leads to increasing the level of the 
DC voltage from 53.18 kV to 185 kV. The large and continuous deviations in power flow 
result in deviations in the voltage and frequency and consequently, decreasing the overall 
stability of the grid [18, 145]. The large oscillations shown in figures 3.8-3.11 show that 
without considering a backup VSC-HVDC station to regulate the DC voltage, the entire 
system becomes unstable. 
 





Figure 3.9. The AC voltage profile of different VSC-HVDC stations in the first scenario 
 






Figure 3.11. The reactive power profile of different VSC-HVDC stations in the first 
scenario 
3.3.2. Scenario 2: VSC-HVDC #5 Contribution to the DC Voltage Regulation 
In the second scenario, it is assumed that the VSC-HVDC station #5 is connected 
to the grid to contribute to the DC voltage regulation. Therefore, the reference inputs of the 
DC voltage controller at VSC-HVDC stations #1 and #5 are the same. 
The combination of the DC voltage-droop control and DC margin control enables 
the power-sharing among VSC-HVDC station in the DC voltage control mode based on a 
predefined participation factor for each station. The participation factor determines the 
active power rectified/inverted by a VSC-HVDC station as a fraction of the total power 
demand/supply in the MT-HVDC system to maintain the level of the DC voltage constant.  
For 𝑛 number of VSC-HVDC stations in the DC voltage-droop control mode, the 
participation factor (𝜒𝑖) of the 𝑖







where 𝐾𝑖 and 𝐾𝑗 are the proportional gains of the 𝑖
𝑡ℎ and 𝑗𝑡ℎ  VSC-HVDC stations 




As only VSC-HVDC stations #1 and #5 regulate the DC voltage, it is assumed that 













Figures 3.12, 3.13, 3.14, and 3.15 show the DC voltage, AC voltage, active power 
flow, and reactive power flow of the system, respectively, when the DC voltage reference 
setting of VSC-HVDC stations #1, #3, #4, and #5 is 54 kV and the participation factors of 
the VSC-HVDC stations #1 and #5 are 67%, and 33%, respectively. 
As shown in figure 3.12, although the DC voltage of the MT-HVDC system is 
affected by the disconnection of VSC-HVDC station #1 at 𝑡 = 24 𝑠𝑒𝑐.  and the 
disconnection of VSC-HVDC station #3 at 𝑡 = 29 𝑠𝑒𝑐., the steady-state DC voltage is kept 
within the acceptable range. 
Compared to the previous scenario, as there are two VSC-HVDC stations to 
regulate the DC voltage, the disconnection of the VSC-HVDC stations #1 at 𝑡 = 24 𝑠𝑒𝑐. 
and the disconnection of the VSC-HVDC stations #3 at 𝑡 = 29 𝑠𝑒𝑐. do not prevent power-





Figure 3.12. The DC voltage profile of different VSC-HVDC stations in the second 
scenario 
 






Figure 3.14. The active power profile of different VSC-HVDC stations in the second 
scenario 
 
Figure 3.15. The reactive power profile of different VSC-HVDC stations in the second 
scenario 
3.3.3. Scenario 3: Equipping VSC-HVDC #4 with the Proposed Improved Droop-
Based Controller 
In the third scenario, it is assumed that VSC-HVDC station #5 is connected to the 
grid to contribute to the DC voltage regulation and VSC-HVDC station #4 is equipped with 




voltage controller at VSC-HVDC stations #1, #4, and #5 are the same. For VSC-HVDC 
station #4, the proportional gain and integral time constant of the outer current controllers 
are set to 0.43 and 0.0267 (for the active power controller), 50 and 0.005 (for the AC 
voltage regulator) and -0.43 and -0.0267 (for the reactive power controller), respectively. 
Figures 3.16, 3.17, 3.18, and 3.19 demonstrate the active power flow, reactive 
power flow, DC voltage, and AC voltage of the system, respectively, when the DC voltage 
reference setting of VSC-HVDC stations #1, #3, #4, and #5 is 50 kV and the DC voltage-
droop settings of the VSC-HVDC stations #1, #4, and #5 are -2, -0.0001, and -1, 
respectively. In addition, the frequency and AC voltage-droop settings are set to 0.001 and 
-0.0001, respectively. 
According to the obtained result, changing in the droop settings leads to changes in 
the power flow and overall stability of the system. Based on figure 3.14, the dominant 
VSC-HVDC station to supply the active power is the VSC-HVDC station #1. However, 
employing the proposed improved droop-based controller leads to supplying the majority 
of the active power by VSC-HVDC station #4.  
It should be noted that any changes in the frequency of the AC grid and DC voltage 
in the DC grid are regulated by injecting active power to the grid. Also, the AC voltage 
regulation is performed by injecting reactive power to the grid. As shown in figure 3.16, 
the oscillations in the DC voltage profile after disconnection of VSC-HVDC station #1 at 
𝑡 = 29 𝑠𝑒𝑐. and the disconnection of VSC-HVDC station #3 at 𝑡 = 24 𝑠𝑒𝑐. are regulated 
by injecting active power by VSC-HVDC stations #2, #3, and #4. According to the 
obtained result, the main aim, which is the simultaneous regulation of the frequency, AC 





Figure 3.16. The DC voltage profile of different VSC-HVDC stations in the second 
scenario 
 






Figure 3.18. The active power profile of different VSC-HVDC stations in the third 
scenario 
 
Figure 3.19. The active power profile of different VSC-HVDC stations in the third 
scenario 
In order to check the impact of modifying the droop settings of the proposed 
improved droop-based controller on the active and reactive power flow, different cases are 
investigated, as shown in table 3.1. In table 3.1, case 1 is the reference case which is studied 




VSC-HVDC station #4, which is equipped with the proposed improved droop-based 
controller, after changing the droop settings based on table 3.1. 
Table 3.1. Different droop parameters of VSC-HVDC station #4 
 𝑲𝑽𝑫𝑪-Droop  𝑲𝑽𝑨𝑪-Droop 𝒇-Droop 
Case 1: Reference Case -0.0001 -0.0001 0.001 




Case 3: Increasing 𝐾𝑉𝐴𝐶-droop parameter -0.0001 -0.01 0.001 
Case 4: Increasing 𝐾𝑉𝐷𝐶-droop parameter -0.01 -0.0001 0.001 
Case 5: Increasing 𝑓-droop parameter -0.0001 -0.0001 0.1 
 
 
Figure 3.20. The impact of modifications of droop settings on the active power profile of 





Figure 3.21. The impact of modifications of droop settings on the reactive power profile 
of VSC-HVDC station #4 in the third scenario 
3.4. Summary 
In this chapter, an improved droop-based control strategy for the active and reactive 
power-sharing on the large-scale Multi-Terminal High Voltage Direct Current (MT-HVDC) 
systems is proposed. The equivalent circuit of the Voltage-Sourced Converter (VSC)-
HVDC station in the 𝑑𝑞 reference frame is established and employed for developing an 
improved droop-based control strategy for the VSC-HVDC station. The proposed 
improved droop-based control strategy is a communication-free control method in which 
its droop parameters, consisting of AC voltage-droop, DC voltage-droop, and frequency-
droop parameters, are selected optimally. The proposed improved droop-based control 
strategy is applied to a five-terminal MT-HVDC system to control both the AC and DC 
grids for a stable-steady state and dynamic performance. In addition, different control 
strategies of the VSC-HVDC station are investigated in this chapter. Modifications on the 
droop settings are also performed. The simulation results illustrate that the proposed 
improved droop-based control strategy not only results in a stable steady stated and 
dynamic operation of the MT-HVDC system but also is capable of restoring operation 
during the loss of DC voltage regulating VSC-HVDC station without the need for 
communication infrastructure. The simulation results validate the robustness and 






A Mixed AC/DC Power Flow Algorithm for MT-HVDC Systems 
4.1. Principles of Power Flow in Power Systems 
4.1.1. AC Grid Power Flow 
The main objective of the AC PF is to determine the magnitude and angle at each 
bus of the AC grids. In order to analyze the AC PF in power systems, the following 
assumptions are considered. 
 The AC transmission networks have fast dynamics compared to the other 
components. In this regard, AC transmission networks can be represented by 
algebraic equations. 
 Each transmission line and transformer is modeled by an equivalent 𝜋 model. 
 The power in AC grids is balanced. 
 The positive sequence parameters on a per-phase basis are assumed. 





















































































where 𝐼?̅? and ?̅?𝑖 = 𝑉𝑖𝑒
𝑗𝜃𝑖  are the injected current and voltage at the 𝑖𝑡ℎ node, ?̅?𝑖𝑖 is 
the self-admittance at the 𝑖𝑡ℎ node, ?̅?𝑖𝑗 is the mutual admittance between nodes 𝑖 and 𝑗, and 
𝑛𝐴𝐶  represents the total number of buses in the AC grid. 
The voltage of each node can be used for solving the equation of [𝐼]̅ − [𝑌𝑏𝑢𝑠̅̅ ̅̅ ̅][?̅?] =
0. The injected current at the 𝑖𝑡ℎ node is related to the injected power and bus voltage at 







∗  (4-2) 
Considering the operational constraints in power systems, the PF problem becomes 
nonlinear, and the nodes in AC grids can be classified into four types: 
 Slack bus where the voltage magnitude (𝑉𝑖) and angle (𝜃𝑖) are determined. 
 PV bus where the active power (𝑃𝑖) injected to the grid and the voltage 
magnitude (𝑉𝑖) are known. 
 PQ bus where the active power and reactive power (𝑄𝑖) injected into the 
grid are known. 
 MT-HVDC Point of Common Coupling (PCC) bus where different 
constraints based on the control mode of each converter station are applied. 
From Equation (4-1), the injected current at the 𝑖𝑡ℎ node (without considering the 
PCC buses of MT-HVDC systems) can be written as follows: 













𝑉𝑗[𝐺𝑖𝑗 sin(𝜃𝑖 − 𝜃𝑗) − 𝐵𝑖𝑗 cos(𝜃𝑖 − 𝜃𝑗)] (4-5) 
where ?̅?𝑖𝑗 = 𝐺𝑖𝑗 + 𝑗𝐵𝑖𝑗. 
It should be noted that a generator can be either a slack bus or a PV bus, and a load 




4.1.2. MT-HVDC Systems Power Flow 
The main aim of MT-HVDC systems PF is to determine the DC voltage magnitude 
at each converter station and the PF within the DC grid. Considering 𝑛 converter stations 
in MT-HVDC systems, the following items should be considered to derive the PF equations 
for the 𝑖𝑡ℎ converter station of MT-HVDC systems. 
 Interface of the converter station with the AC grid 
 AC side of the converter station 
 Interface of the converter station AC and DC sides 
 DC side of MT-HVDC systems 
 Control modes of the converter station 
4.1.2.1. Interface of the Converter Station with the AC Grid 
The PF equations of at the PCC bus of the 𝑖𝑡ℎ converter station interfacing with the 








𝑉𝑗[𝐺𝑖𝑗 sin(𝜃𝑔𝑖 − 𝜃𝑗) − 𝐵𝑖𝑗 cos(𝜃𝑔𝑖 − 𝜃𝑗)] (4-7) 
where ?̅?𝑔𝑖 = 𝑉𝑔𝑖𝑒
𝑗𝜃𝑔𝑖 . 
4.1.2.2. AC Side of the Converter Station 
The PF equations of at the PCC bus of the 𝑖𝑡ℎ converter station for the asymmetric 


















𝑛  are the active and reactive power of the positive and 
negative poles of the 𝑖𝑡ℎ converter station, respectively. 
Therefore, the apparent power at the PCC bus of the 𝑖𝑡ℎ converter station by the 














𝑛  (4-11) 







Using KVL between the PCC bus and the converter terminal of the 𝑖𝑡ℎ converter 












































 are the voltage of the positive and negative pole converter terminal, respectively. 
Substituting Equations (4-13) and (4-14) into Equations (4-10) and (4-11), and also 





























𝑛 cos(𝜃𝑔𝑖 − 𝜃𝑡𝑖
𝑛) + 𝐵𝑖









𝑛 sin(𝜃𝑔𝑖 − 𝜃𝑡𝑖
𝑛) − 𝐵𝑖
𝑛 cos(𝜃𝑔𝑖 − 𝜃𝑡𝑖
𝑛)}] (4-18) 
4.1.2.3. Interface of the Converter Station AC and DC Sides 
Regardless of the converter station switching losses, the active power balance 

















𝑛 , and 𝐼𝐷𝐶𝑖
𝑛  are the DC bus voltage and current of the positive 
and negative pole of the 𝑖𝑡ℎ converter station. 
Also, the active power at the AC-side terminal of the positive and negative pole of 
























𝑛 − 𝜃𝑔𝑖) + 𝐵𝑖
𝑛 sin(𝜃𝑡𝑖
𝑛 − 𝜃𝑔𝑖)} (4-22) 
4.1.2.4. DC Side of MT-HVDC Systems 







𝑛 , where 𝐼𝐿𝑖
𝑝
 and 𝐼𝐿𝑖
𝑛  are the current of the positive and negative DC link connected 
to the 𝑖𝑡ℎ converter station. The injected current can be determined by the conductance 
matrix of the DC grid. The DC current injection at the positive and negative poles of the 



























































































































































































































𝑛 ) (4-25) 
where 𝑁 represents the total number of buses in the DC grid. In addition, 𝐺𝑝𝑝𝑗𝑖, 
𝐺𝑛𝑛𝑗𝑖, 𝐺𝑝𝑛𝑗𝑖 , and 𝐺𝑛𝑝𝑗𝑖 are the conductance of the positive and negative DC link between 
nodes 𝑖 and 𝑗, respectively. 
4.1.2.5. Control Modes of the Converter Station 
There are different modes of operation for each converter station in MT-HVDC 




constraints can be obtained. Also, there are some inequality constraints due to the limits, 
which are imposed by the converter station voltage and current ratings, as follows: 
𝑉𝐷𝐶𝑖
min ≤ 𝑉𝐷𝐶𝑖 ≤ 𝑉𝐷𝐶𝑖
max (4-26) 
𝑉𝑖
min ≤ 𝑉𝑖 ≤ 𝑉𝑖
max (4-27) 
𝐼𝑔𝑖 ≤ 𝐼𝑔𝑖
max  (4-28) 
𝐼𝐷𝐶𝑖 ≤ 𝐼𝐷𝐶𝑖
max (4-29) 
4.2. Mixed AC/DC Power Flow Algorithm 
The mixed AC/DC PF algorithm, which is an improved sequential AC/DC PF 
algorithm [153], can be used to obtain the initial operating points to analyze the dynamics 
of the hybrid AC/DC grids by solving the AC and DC PF sequentially and keeping both 
the converter station power and voltage at each node constant.  
In order to implement the mixed AC/DC PF algorithm, the per-unit conversion 
should be performed for the entire system. Each converter station is connected to both AC 
and DC grids. The AC side of the converter station is modeled by a voltage source 




and a transformer (𝑍𝑇𝑅 = 𝑅𝑇𝑅 + 𝑗𝜔𝐿𝑇𝑅). Also, the DC side of the converter station is 
connected to the DC grid. The power losses at the converter station are considered as a 
quadratic function of the converter station Root Mean Square (RMS) AC current as follows 
[181]: 
𝑃𝐿𝑜𝑠𝑠 = 𝑎 + 𝑏𝐼 + 𝑐𝐼
2 (4-30) 
where 𝑎, 𝑏, and 𝑐 are the loss coefficients. 
It should be noted that, 




Assume an MT-HVDC system with 𝑛 converter stations and 𝑛𝐷𝐶  DC lines. For 
AC/DC PF analysis, at least one converter station should be capable of controlling 𝑉𝐷𝐶  
(DC-slack bus) in the entire DC grids, and the rest of the converter stations control the 
active power. The detailed explanations of the mixed AC/DC PF are given as follows: 
1. Start by an initial guess of the active power injected to the AC grid by the DC-slack 
converter station at the 𝑙𝑡ℎ  iteration (𝑃𝑔𝑛𝑠
(𝑙)
), where 𝑛𝑠  represents the index of the 
DC-slack bus. 
2. Transform all converter stations which are connected to the 𝑗𝑡ℎ  bus to PV or PQ 
buses based on their control modes (including droop-based control strategies) and 
solve the AC PF. At the 𝑙𝑡ℎ iteration, the active power injected by all the non-slack 
converter stations is constant, while 𝑃𝑔𝑛𝑠
(𝑙)
 changes. 
3. Calculate the converter station losses using Equation (4-30) considering the active 
power injected by the 𝑖𝑡ℎ  converter to the AC grid (𝑃𝑔𝑖
(𝑙)
) and the active power 
injected by the 𝑖𝑡ℎ converter station to the DC grid (𝑃𝐷𝐶𝑖
(𝑙)
). In this step, the AC/DC 
connections and the converter stations’ limits should be considered. 
4. Solve the DC PF for the DC grid using the Newton-Raphson method. In this step, 
the DC-slack bus regulates the DC voltage (𝑉𝐷𝐶𝑛𝑠
(0)
) initially, and the DC buses 
determine the active power injection (𝑃𝐷𝐶𝑖
(𝑙)
). Therefore, the DC voltage at each bus 
and also 𝑃𝐷𝐶𝑛𝑠
(𝑙)
 are calculated. 
5. Compute DC-slack and droop buses iteration (𝑘). As a new value of 𝑃𝑔𝑛𝑠
(𝑙+1)
 is 






II. Solve the branch 𝑗, 𝑛𝑠 − 𝑔, 𝑛𝑠 considering 𝑉𝑗𝑛𝑠 , 𝜃𝑗𝑛𝑠 , 𝑄𝑗𝑛𝑠 , and 𝑃𝑔𝑛𝑠
(𝑘)
 using 
the Newton-Raphson method. 
III. Obtain the new value of 𝑃𝑔𝑛𝑠
(𝑘+1)
 with 𝑃𝐷𝐶𝑛𝑠  and 𝑃𝐿𝑜𝑠𝑠𝑛𝑠  using Equations 








| < 𝜀 , stop the calculations. Otherwise, 𝑘 = 𝑘 + 1 and 
return to step II. The output is 𝑃𝑗𝑛𝑠
(𝑘+1)
. 




| < 𝜀 , stop the calculations. 
Otherwise, 𝑘 = 𝑘 + 1 and return to step 1. 
It should be noted that all linear and nonlinear variables are considered in the mixed 
AC/DC PF algorithm. Based on the topology of the hybrid AC/DC grids, the rating and 
length of each transmission line are determined. Also, the droop parameters and reference 
voltage have a direct impact on the reference power. 
4.3. Results and Discussions 
For validation and to demonstrate the performance of the mixed AC/DC PF 
algorithm, a five-bus MT-HVDC system is simulated in MATLAB software, as shown in 
figure 4.1. The test system is composed of both AC and DC grids. The data of the system 





Figure 0.1. Single-line diagram of a five-bus MT-HVDC system 
Table 4.1. Parameters of the AC system 
Bus Type 𝑽 (𝒑. 𝒖. ) 𝜽 (°)  𝑷𝑮 (𝑴𝑾) 𝑸𝑮 (𝑴𝑽𝑨𝑹) 𝑷𝑫 (𝑴𝑾) 𝑸𝑫 (𝑴𝑽𝑨𝑹) 
1 Slack 1.060 0.00 - - 0.00 0.00 
2 PV 1.000 - 40.00 - 20.00 10.00 
3 PQ - - - - 45.00 15.00 
4 PQ - - - - 40.00 5.00 







Table 4.2. Parameters of the AC lines 
From To 𝑹 (𝒑. 𝒖. ) 𝑿 (𝒑. 𝒖. )  𝑩 (𝒑. 𝒖. ) 𝑺𝑵 (𝑴𝑽𝑨) 
1 2 0.02 0.06 0.06 100 
1 3 0.08 0.24 0.05 100 
2 3 0.06 0.18 0.04 100 
2 4 0.06 0.18 0.04 100 
2 5 0.04 0.12 0.03 100 
3 4 0.01 0.03 0.02 100 
4 5 0.08 0.24 0.05 100 
Table 4.3. Parameters of the converter stations in per-unit 
Converter Station 𝑺𝑵 (𝑴𝑽𝑨) 𝑹𝑻𝑹 𝑿𝑻𝑹 𝑩𝑭 𝑹𝑻𝑹 𝑿𝑻𝑹 
1 100 0.0015 0.1121 0.0887 0.0001 0.1643 
2 100 0.0015 0.1121 0.0887 0.0001 0.1643 
3 100 0.0015 0.1121 0.0887 0.0001 0.1643 
Table 4.4. Power losses coefficients of the converter stations 
Converter Station 𝒂 𝒃 𝒄𝒓𝒆𝒄 𝒄𝒊𝒏𝒗 
1 1.103 0.887 2.885 4.371 
2 1.103 0.887 2.885 4.371 
3 1.103 0.887 2.885 4.371 
Table 4.5. Parameters of the DC lines 
From To 𝑹𝑫𝑪 (𝒑. 𝒖. ) 𝑽𝑫𝑪 (𝒌𝑽)  𝑷𝑫𝑪 (𝑴𝑾) 
1 2 0.0260 345 100 
1 3 0.0365 345 100 
2 3 0.0260 345 100 
The parameters of the converter stations for the PF calculations are as follows: 
 Converter Station #1: 𝑃 − 𝑄  control mode, 𝑃𝑔 = −60 𝑀𝑊  and 𝑄𝑔 =
−40 𝑀𝑉𝐴𝑅 
 Converter Station #2: 𝑉𝐷𝐶 − 𝑉 control mode, 𝑉𝐷𝐶 = 1 𝑝. 𝑢. and 𝑉 = 1 𝑝. 𝑢. 
 Converter Station #3: 𝑃 − 𝑄  control mode, 𝑃𝑔 = 35 𝑀𝑊  and 𝑄𝑔 =
5 𝑀𝑉𝐴𝑅 
It should be noted that 𝑆𝐵 = 100 𝑀𝑉𝐴, 𝑉𝐷𝐶𝐵 = 345 𝑘𝑉, and 𝑉𝐵 = 345 𝑘𝑉 are the 




4.3.1. Case 1: AC Power Flow without DC System 
In the first case, the AC PF calculations are performed without considering the DC 
system. Tables 4.6 and 4.7 show the results of AC PF without DC grids. 
Table 4.6. Results of AC PF calculations in Case 1. AC bus data 
Bus 
Voltage Generation Load 
|𝑽| (𝒑. 𝒖. ) 𝜽 (°) 𝑷  𝑸 𝑷  𝑸 
1 1.060 0.000 131.12 90.82 - - 
2 1.000 -2.061 40.00 -61.59 20.00 10.00 
3 0.987 -4.637 - - 45.00 15.00 
4 0.984 -4.957 - - 40.00 5.00 
5 0.972 -5.765 - - 60.00 10.00 
Total: 171.12 29.23 165.00 40.00 
* 𝑃 and 𝑄 are in 𝑀𝑊 and 𝑀𝑉𝐴𝑅, respectively. 
Table 4.7. Results of AC PF calculations in Case 1. AC branch data 
Branch 
 From Bus Injection To Bus Injection Power Losses 
From  To 𝑷  𝑸 𝑷  𝑸 𝑷  𝑸 
1 1 2 89.33 74.00 -86.85 -72.91 2.486 7.46 
2 1 3 41.79 16.82 -40.27 -17.51 1.518 4.55 
3 2 3 24.47 -2.52 -24.11 -0.35 0.360 1.08 
4 2 4 27.71 -1.72 -27.25 -0.83 0.461 1.38 
5 2 5 54.66 5.56 -53.44 -4.83 1.215 3.65 
6 3 4 19.39 2.86 -19.35 -4.69 0.040 0.12 
7 4 5 6.60 0.52 -6.56 -5.17 0.043 0.13 
 Total: 6.123 18.37 
* 𝑃 and 𝑄 are in 𝑀𝑊 and 𝑀𝑉𝐴𝑅, respectively. 
4.3.2. Case 2: AC/DC Power Flow Considering Constant Active Power and DC 
Voltage 
In the second case, the algorithm is applied to solve the AC/DC PF problem for the 
studied system considering that converter stations #1 and #3 are operated in constant 𝑃-
mode and converter station #2 is operated in constant 𝑉𝐷𝐶-mode. Tables 4.8-4.12 show the 







Table 4.8. Results of the mixed AC/DC PF calculations in Case 2. AC bus data 
Bus 
Voltage Generation Load 
|𝑽| (𝒑. 𝒖. ) 𝜽 (°) 𝑷  𝑸 𝑷  𝑸 
1 1.060 0.000 133.64 84.32 - - 
2 1.000 -2.383 40.00 -32.84 20.00 10.00 
3 1.000 -3.895 - - 45.00 15.00 
4 0.996 -4.262 - - 40.00 5.00 
5 0.991 -4.149 - - 60.00 10.00 
Total: 173.64 51.48 165.00 40.00 
* 𝑃 and 𝑄 are in 𝑀𝑊 and 𝑀𝑉𝐴𝑅, respectively. 
Table 4.9. Results of the mixed AC/DC PF calculations in Case 2. AC branch data 
Branch 
 From Bus Injection To Bus Injection Power Losses 
From  To 𝑷  𝑸 𝑷  𝑸 𝑷  𝑸 
1 1 2 98.38 71.37 -95.66 -69.59 2.717 8.15 
2 1 3 35.26 12.96 -34.20 -15.08 1.062 3.19 
3 2 3 13.25 -6.22 -13.14 2.57 0.116 0.35 
4 2 4 17.08 -5.18 -16.89 1.74 0.181 0.54 
5 2 5 25.33 -1.85 -25.07 -0.35 0.257 0.77 
6 3 4 23.09 4.64 -23.04 -6.47 0.057 0.17 
7 4 5 -0.07 -0.27 0.07 -4.65 0.004 0.01 
 Total: 4.394 13.18 
* 𝑃 and 𝑄 are in 𝑀𝑊 and 𝑀𝑉𝐴𝑅, respectively. 
Table 4.10. Results of the mixed AC/DC PF calculations in Case 2. DC bus data 
Bus DC Bus AC Voltage Magnitude (p.u.) Active Power (MW) 
1 2 1.008 -58.627 
2 3 1.000 21.901 
















Bus Injection Converter Voltage Total Loss 
𝑷 𝑸 |𝑽| (𝒑. 𝒖. ) 𝜽 (°) 𝑷  
1 -60.00 -40.00 0.890 -13.017 1.37 
2 20.76 7.14 1.007 -0.655 1.14 
3 35.00 5.00 0.995 1.442 1.19 








Reactor Loss Converter 
Loss 






-8.12 0.08 5.83 0.01 9.66 1.29 
2 20.76 -0.65 -9.02 0.01 0.54 0.00 0.70 1.14 
3 35.02 -0.37 -8.83 0.02 1.43 0.00 2.03 1.17 



















-8.12 -42.29 -59.92 -32.63 
2 20.76 7.14 20.76 7.68 -9.02 -1.35 20.76 -0.65 
3 35.00 5.00 35.02 6.43 -8.83 -2.40 35.02 -0.37 
* 𝑃 and 𝑄 are in 𝑀𝑊 and 𝑀𝑉𝐴𝑅, respectively. 
Table 4.12. Results of the mixed AC/DC PF calculations in Case 2. DC branch data 
Branch 
 From Bus  To Bus  Power Losses 
From  To 𝑷  𝑷  𝑷  
1 1 2 30.66 -30.42 0.24 
2 2 3 8.52 -8.50 0.02 
3 1 3 27.96 -27.68 0.28 
 Total: 0.54 
* 𝑃 and 𝑄 are in 𝑀𝑊 and 𝑀𝑉𝐴𝑅, respectively. 
Based on the obtained results in tables 4.8-4.12, figures 4.2 and 4.3 show the 





Figure 4.2. The AC grid PF solution in Case 2 
 
Figure 4.3. The AC/DC PF solution of the MT-HVDC system in Case 2 
4.3.3. Case 3: AC/DC Power Flow Considering Converter Station Outage 
In the third case, the impact of the converter station outage on the AC/DC PF results 
is analyzed. Figures 4.4 and 4.5 demonstrate the results of PF calculations both in all AC 
and DC buses and branches in case of the outage of converter station #1. As shown in 





Figure 4.4. The AC grid PF solution in Case 3 
 
Figure 4.5. The AC/DC PF solution of the MT-HVDC system in Case 3 
4.3.4. Case 4: AC/DC Power Flow Considering Droop Control Strategy 
As stated in Section 1.2.3.2, the droop control strategy is an efficient way of 
controlling MT-HVDC systems that can improve the PF of the AC and DC grids after an 
outage. In the fourth case, it is assumed that all converter stations in the studied system are 
equipped with the droop controllers. Table 4.13 illustrates the detailed information of the 




calculations both in all AC and DC buses and branches in case of the outage of converter 
station #1 and considering droop control settings provided in table 4.13. 
Table 4.13. Droop control settings for each converter station 
Converter Station Droop Parameter 𝑷𝑫𝑪
∗  (𝑴𝑾) 𝑽𝑫𝑪
∗  (𝒑. 𝒖. ) 
1 0.005 -58.6274 1.0079 
2 0.007 21.9013 1.0000 
3 0.005 36.1856 0.9778 
* 𝑃𝐷𝐶
∗  and 𝑉𝐷𝐶
∗  are the reference power and reference DC voltage, respectively. 
 






Figure 4.7.  The AC/DC PF solution of the MT-HVDC system in Case 4 
4.3.5. Case 5: AC/DC Power Flow Considering Changes of Droop Parameters 
In the fifth case, to demonstrate the impact of changes in the droop parameters of 
each converter station, the same test as Case 4 is evaluated by changing the droop 
parameters as shown in table 4.14. Figures 4.8 and 4.9 depict the results of PF calculations 
both in all AC and DC buses and branches in case of the outage of converter station #1 and 
considering the changes in droop parameters according to table 4.14. 
Table 4.14. Changes in the droop parameters of each converter station 








Figure 4.8. The AC grid PF solution in Case 5 
 
Figure 4.9. The AC/DC PF solution of the MT-HVDC system in Case 5 
4.3.6. Case 6: AC/DC Power Flow Considering Converter Station Limits 
In the sixth case, the impact of the converter station limits on the AC/DC PF 
solution is investigated. When an active power set-point of a converter station equipped 
with the 𝑃 controller is outside of the P-Q capability chart1, the active power order should 
be reduced to comply with the predefined limit. Similarly, when a reactive power set-point 
                                                             




of a converter station equipped with the 𝑄 controller is outside of the P-Q capability chart, 
the reactive power order should be reduced to comply with the predefined limit, subject to 
not reaching the active power limit. Also, when a converter station equipped with the 𝑉𝐷𝐶-
droop controller reaches its limit, the converter station should be set to a constant 𝑃 
injection equal to the maximum active power limit of the converter station. In addition, 
when a converter station equipped with the 𝑉 -droop controller reaches its limit, the 
converter station should be set to a constant 𝑄 injection based on the predefined limit. For 
both converter stations equipped with the 𝑄  controller and 𝑉𝐷𝐶 -droop controller, the 
priority is given to active power over reactive power, when enforcing the limits. It should 
be noted that however, all the DC-slack buses are disregarded from the analysis, they are 
rechecked at the end of AC/DC PF calculations. 
According to the above explanations, it is assumed that the converter station #1 
reaches the reactive power limit and the converter station control is changed from constant 
𝑉-mode to constant 𝑄-mode. Figures 4.10 and 4.11 illustrate the results of PF calculations 
both in all AC and DC buses and branches after enforcing the converter station current and 
voltage limits. 
 





Figure 4.11. The AC/DC PF solution of the MT-HVDC system in Case 6 
To demonstrate the impact of changing the set-point of the converter station, the 
active power set-point of the converter station #1 is set to -130 MW so that simultaneously 
both active and reactive power violate their limits. Figures 4.12 and 4.13 show the results 
of PF calculations both in all AC and DC buses and branches after changing the active 
power set-point of the converter station #1 to -130 MW. 
 






Figure 4.13. The AC/DC PF solution of the MT-HVDC system in Case 6 after changing 
the set-point of converter station #1 
4.4. Summary 
In this chapter, a mixed AC/DC Power Flow (PF) algorithm for the steady-state 
interaction of the large-scale MT-HVDC systems is investigated. This algorithm is an 
improved sequential AC/DC PF algorithm, which uses the Newton-Raphson method to 
solve the DC PF problem. Different operational constraints and control strategies along 
with contingency analysis in hybrid AC/DC grids are considered in this study. Fast 
convergence and high accuracy are the main advantages of the mixed AC/DC PF 
algorithm. Also, it is a powerful tool for sensitivity analysis and congestion management 
in power systems. Various cases are studied in this chapter to evaluate the performance of 
the mixed AC/DC PF algorithm. The obtained results demonstrate the robustness and 













A New Topology of a Fast Proactive Hybrid DC Circuit Breaker for MT-HVDC Grids 
5.1. Configuration and Operation of the Proposed Hybrid DC Circuit Breaker 
5.1.1. Configuration of the Proposed Hybrid DC Circuit Breaker 
Figure 5.1 illustrates the overall structure of the proposed HDCCB with 
bidirectional current interruption capability. This structure consists of two main DC CBs 
in the main branch, a fast mechanical switch and an auxiliary DC CB in the auxiliary 
branch, and a residual DC current disconnector. The residual DC current disconnector (in 
series with a current limiting reactor) is used to entirely isolate the DC circuit. 
 
Figure 5.1. Overall structure of the proposed HDCCB 
Figure 5.2 demonstrates the proposed configuration of the main DC CBs in the 
main branch. In this configuration, four submodules are considered to be connected back-
to-back to isolate the DC current fault. Each submodule includes a diode, 𝐷, and a low 
resistance switch, 𝑆, in series and a capacitor, 𝐶, in parallel with the diode and switch. The 
switches are capable of breaking the bidirectional fault current. Also, the polarity of the 
capacitor changes with respect to the direction of the fault current. In order to protect the 
back-to-back submodules and prevent the capacitors from overvoltage, a Metal Oxide 





Figure 5.2. Configuration of the main DC CBs in the main branch 
The auxiliary DC CB consists of two switches, as shown in figure 5.3. This CB 
matches lower voltage and current capability. 
 
Figure 5.3. Configuration of the auxiliary DC CB 
5.1.2. Principle and Operation of the Proposed Hybrid DC Circuit Breaker 
Predefined states of each component in the submodule determine the operation 
modes of the proposed HDCCB. Considering the operation modes, the switches can be 
either turned on or off. During the normal operation, the DC current flows through the 
auxiliary branch. In case of the DC fault, the auxiliary DC CB commutes the current to the 
main branch, and the fast mechanical switch opens. During the current breaking, the fast 
mechanical switch isolates the auxiliary DC CB from the voltage across the main DC CB. 
As a result, the rating voltage of the auxiliary DC CB reduces. Therefore, the majority of 
the power losses would be related to the switching losses. The fast mechanical switch opens 
when zero current and/or low voltage stress can be detected. The recovery voltage of the 
fast mechanical switch determines by the proactive level of the surge arresters, while both 
the main and auxiliary DC CBs are open. By connecting several mechanical switches, the 
operation time exceeds 30 ms. Proper control of the HDCCB leads to minimizing the time 
delay of the mechanical switching elements. Hence, the operation time of the multiple 
switches should be less than the time for selective protection. Figure 5.4 depicts the typical 




the DC line current exceeds the predefined overcurrent level. In this case, two events are 
expected: (1) The selective protection sends a trip signal. (2) The DC current of the faulty 
line reaches the maximum breaking current capability of the main DC CB. In both cases, 
there would be a time delay for the current breaking of the main DC CB. 
To extend the operation time until the main DC CB sends the trip signal, the main 
DC CB may disconnect the line in the current limitation mode prior to the current breaking. 
To prevent sudden increases in the line current, the voltage drop across the DC reactor 
should be controlled by the main DC CB. The energy dissipation capability of the surge 
arrester determines the maximum operation time of the current limiting mode. Also, to 
allow maintenance on demand while not interrupting the power transfer in the DC grids, 
scheduled current transfer of the line current from the auxiliary DC CB to the main DC CB 
is required. Considering the proactive mode, overcurrent in the DC grid can activate the 
current transfer from the auxiliary branch into the main branch of the DC CB prior to the 
trip signal of the protection device. Considering the CB failure, the backup CB activates 
within less than 0.2 ms to avoid large disturbances in the DC grids and maintain the 
breaking current capability of the backup CB at the reasonable levels. After clearing the 
fault, the HDCCB returns to its normal operation mode. 
 
Figure 5.4. The current waveform of a typical proactive HDCCB 
According to figure 5.2, when the DC CB, which is located at the power receiving, 
is closed, the power flows from the output of the DC CB, based on the unidirectional 




the DC CB, which is placed at the power sending end, is closed, the power flows from the 
input of the DC CB with the conduction of the IGBT in the submodule. Under the normal 
operation, the IGBT in the submodule is conducted and cascaded into the circuit. In case 
of DC fault, the IGBT of the submodule is shut down to prevent the diode and capacitor 
from being cascaded into the fault loop. By charging the capacitor, the back Electromotive 
Force (EMF) forces both ends of the equivalent capacitor on the short-circuit path to 
surpass the peak line voltage on the AC side to block the fault current. The fault tolerance 
capability can be significantly improved as the diode in the submodule, and the arm 
inductance in the AC/DC converter station in the DC fault are both shock resistance. This 
structure limits the rate of rise of the voltage across the DC CB, reduces the on-state 
switching losses, and guarantees an equal voltage distribution regardless of tolerances in 
the switching characteristics. Table 5.1 shows the operation status of the components in 
each submodule. 
Table 5.1. The operation status of the components in each submodule 
Operation Mode Diode IGBT Capacitor 
Mode 1: Power Receiving End Bypass No Action Bypass 
Mode 2: Power Sending End Bypass Conducted Bypass 
Mode 3: Shut Down Accessing to the Circuit Shut Down Charging 
5.2. Design Parameters in the Proposed Hybrid DC Circuit Breaker 
The designed parameters of the proposed HDCCB should be properly determined 
successfully to interrupt the fault current. Figure 5.5 illustrates the equivalent circuit of the 
DC CB in the DC grid in case of a short-circuit fault. As shown in this figure, the AC/DC 
converter station can be modeled as a DC voltage source, 𝑈𝐷𝐶 , and the line reactor in the 






Figure 5.5. Equivalent circuit of the DC CB in the DC grid 
After the DC fault occurrence, the induced voltage, 𝑉𝐿 , is generated by the inductor 
of the DC grid. Considering that the inter-terminal voltage of the DC CB is 𝑉𝐵𝑟𝑒𝑎𝑘𝑒𝑟 , then: 




By establishing the transient state of the voltage of the DC CB, 𝑉𝐿  reverses, and 
𝑉𝐵𝑟𝑒𝑎𝑘𝑒𝑟  limits by the voltage of MOV, 𝑉𝑀𝑂𝑉 . Therefore: 
𝑈𝐷𝐶 = 𝑉𝐿 + 𝑉𝐵𝑟𝑒𝑎𝑘𝑒𝑟 = 𝐿𝐷𝐶
𝑑𝑖
𝑑𝑡
+ 𝑉𝑀𝑂𝑉  (5-2) 

























Considering the time of the fault, 𝑡𝑓𝑎𝑢𝑙𝑡 , the maximum breaking current capability 










. 𝑡𝑓𝑎𝑢𝑙𝑡  (5-5) 







The energy dissipation capability of the HDCCB is from the DC power source and 
the stored energy in the line reactor. The energy dissipation from the DC power supply can 
be written as follows: 
𝐸𝑠𝑜𝑢𝑟𝑐𝑒 = ∫𝑈𝐷𝐶 . 𝑖𝑑𝑡 = ∫𝑈𝐷𝐶 .
𝑈𝐷𝐶 − 𝑉𝑀𝑂𝑉
𝐿𝐷𝐶
. 𝑡𝑑𝑡 (5-7) 






The summation of the energy dissipation from the DC power source and the line 














5.3. Results and Discussions 
5.3.1. Simulation Results 
In order to check the performance of the proposed HDCCB, a DC-link representing 
a DC-pole of the VSC-HVDC system is modeled on PSCAD/EMTDC environment, as 
shown in figure 5.6. An HDCCB is located at the end of the DC-link. As one of the most 
common faults in the VSC-HVDC systems, a single line-to-ground fault on the DC-link is 




HVDC converter station, 𝑈𝐷𝐶 , is constant. Tables 5.2 and 5.3 show the main parameters of 
the DC-link and the specifications of the proposed HDCCB, respectively. 
 
Figure 5.6. Configuration of the DC-link for fault analysis 
Table 5.2. DC-link parameters 
Parameter Value 
𝑈𝐷𝐶  320 kV 
𝑅𝑠𝑜𝑢𝑟𝑐𝑒 0.001 Ω 
𝐿𝐷𝐶  100 mH 
Table 5.3. Specifications of the proposed HDCCB 
 Parameter Value 
Capacitor (𝐶) 6.8 μF 
Time delay of residual disconnector 20 ms 
Time delay of fast mechanical switch 2 ms 
Forward Breakover Voltage (IGBT) 100 kV 
Forward Breakover Voltage (Diode) 100 kV 
5.3.1.1. Rated Current Interruption 
To give a general perspective about the relation of the designed parameters, 
considering 2 ms as the breaking time, and the fact that DC line fault is close to the DC 
switchyard, the maximum rate of rise of fault current is 3.5 kA/ms for a DC reactor of 100 
mH in a 320 kV DC power grid with 10% maximum overvoltage. If the rated line current 
is 2 kA, the minimum required current breaking current capability of the HDCCB should 
be 9 kA. When there is no fault in the DC grid, the voltage drop across the DC CB is 0.04 




behavior of the DC line current, and the current passing through the capacitors and switches 
of the HDCCB after applying a short-circuit DC fault at 5 s. As shown in figure 5.7, the 
breaking time is less than 2.5 ms. The maximum current passing through the capacitors 
and switches of the HDCCB is 2.3157 kA and 8.0713 kA, respectively. The auxiliary CB 
opens into 50 μs. At 5.00195 s., the fast mechanical switch opens, where the corresponding 
value of the current limiting is 8.0713 kA. According to figure 5.7, the maximum value of 
the DC fault current is 8.4425 kV, which is less than the minimum required breaking 
current capability of the HDCCB and the fault is successfully cleared within 16 ms. Based 
on the provided results, the maximum breaking current capability of 9 kA is confirmed. It 
should be noted that in figure 5.7, the DC current passing through the line and the DC 
current of the proposed HDCCB are the same. 
As there are some limitations in terms of breaking current capabilities of the IGBTs, 
by rising the current, voltage drop across the IGBTs increases significantly. To overcome 
this issue, the press-back IGBTs are used to ensure a reliable short-circuit without 
mechanical damage and failure of the IGBTs’ modules. Therefore, in case of the failure of 
one of the IGBT modules, the fault can be cleared by the rest of IGBTs. 
 
Figure 5.7. The DC line current, and the current passing through the capacitors and 




Figure 5.8 illustrates the CB voltage and voltage at the fault location (𝑉𝐹𝑎𝑢𝑙𝑡) after 
applying a short-circuit DC fault at 5 s. As shown in figure 5.8, the voltage across the 
proposed HDCCB exceeds approximately 180 kV during the current commutation, and the 
proposed HDCCB successfully clears the fault within 16 ms. 
 
Figure 5.8. The CB voltage and voltage at the fault location after applying a short-circuit 
DC fault at 5 s 
By increasing the capacity of the capacitors of the main DC CBs, the maximum 
breaking current capability of the HDCCB increases. However, due to the discharge time 
of the capacitors, it takes longer time to entirely clear the DC fault. 
Figure 5.9 demonstrates the dissipated energy of the surge arrestors in the two main 
DC CBs of the proposed HDCCB. The maximum dissipated energy of the surge arrestors 





Figure 5.9. The dissipated energy of the surge arrestors in the two main DC CBs of the 
proposed HDCCB after applying a short-circuit DC fault at 5 s 
5.3.1.2. Reverse Current Interruption 
In order to demonstrate the reverse current interruption of the proposed HDCCB, 
the direction of designed CB is reversed, so that the fault current flows in the opposite 
direction. Figure 5.10 shows that the same as the rated current interruption, the maximum 






Figure 5.10. The DC current of the proposed HDCCB after applying a short-circuit DC 
fault at 5 s after changing the direction of the proposed HDCCB 
Figure 5.11 illustrates the CB voltage and voltage at the fault location after applying 
a short-circuit DC fault at 5 s after changing the direction of the proposed HDCCB. As 
shown in figure 5.11, the proposed HDCCB successfully clears the fault within 16 ms. 
 
Figure 5.11. The CB voltage and voltage at the fault location after applying a short-





5.3.1.3. Reclosing and Rebreaking Capabilities 
To evaluate reclosing and rebreaking capabilities of the proposed HDCCB, a short 
time (dead time) between the first trip signal and the closing signal is considered. During 
this period of the time, there is no response from the proposed HDCCB to the test system. 
After the first trip signal, the proposed HDCCB opens and performs the first current 
interruption. The reclosing signal is sent to the proposed HDCCB 50 ms after the first trip, 
and the proposed HDCCB attempts to reconnect the source to the line. As the fault is not 
cleared from the system, the fault current rises as soon as the CB is closed. The second trip 
signal is sent to the proposed HDCCB 50 ms after the CB is closed, and then the proposed 
HDCCB performs the second current interruption. After that, the proposed HDCCB 
remains open to insulate the DC fault. Figures 5.12, 5.13, 5.14, and 5.15 show reclosing 
and rebreaking capabilities of the proposed HDCCB in both the rated and reverse current 
interruptions. The simulation results validate the reclosing and rebreaking capabilities of 
the proposed HDCCB in both the rated and reverse current interruptions. 
 
Figure 5.12. The DC current of the proposed HDCCB in reclosing and rebreaking test in 





Figure 5.13. The CB voltage and voltage at the fault location in reclosing and rebreaking 
test in the rated current interruption 
 
Figure 5.14. The DC current of the proposed HDCCB in reclosing and rebreaking tests in 





Figure 5.15. The CB voltage and voltage at the fault location in reclosing and rebreaking 
test in the reverse current interruption 
5.3.2. Comparison 
To evaluate and compare the performance of the proposed HDCCB over the 
conventional DC CB in [176, 182-183], replication is done, and proper matching is noticed 
in all cases. Figure 5.16 illustrates a comparison between the CB voltage responses of the 
proposed HDCCB and the conventional DC CB. As shown in figure 5.16, the voltage 
response of the proposed HDCCB tracks the voltage of the conventional DC CB. However, 
due to the fact that the DC capacitors have some charges, the level of DC voltage of the 
proposed HDCCB after the fault is more than the level of voltage of the conventional DC 
CB. 
Figure 5.17 demonstrates the comparison between the DC current response of the 
proposed HDCCB and the conventional DC CB after applying a short-circuit DC fault at 
5 s. As shown in figure 5.17, good matching is observed. The maximum breaking current 
capability of the proposed HDCCB and conventional DC CB are 8.4425 kA and 8.4207 
kA, respectively. Thus, the difference between the maximum breaking current capability 




The maximum dissipated energy of the surge arrestor in the DC CB 1 of the 
conventional DC CB is 12.6388 kJ, which is 17.9 J more than the corresponding value of 
the proposed HDCCB. However, because of the capacitor charge, the dissipated energy of 
the surge arrestor in the DC CB 2 of the conventional DC CB is 7.7952 kJ which is 16.1 J 
less than the corresponding value of the proposed HDCCB. But, the total dissipated energy 
of the surge arrestor of the proposed HDCCB and the conventional DC CB are 
approximately the same. 
  
Figure 5.16. Comparison between the voltage response of the proposed HDCCB and the 





Figure 5.17. Comparison between the DC current response of the proposed HDCCB and 
the conventional DC CB after applying a short-circuit DC fault at 5 s 
5.4. Summary 
This chapter presents a new topology of a fast proactive Hybrid DC Breaker 
(HDCCB) to isolate the DC faults in Multi-Terminal VSC-HVDC (MT-HVDC) grids in 
case of fault current interruption, along with lowering the conduction losses and lowering 
the interruption time. All modes of operation of the proposed topology are studied. 
Simulation results verify that compared to the conventional DC CB, the proposed topology 
has lower interruption time, lower on-state switching losses, and higher breaking current 
capability. Due to the fact that MT-HVDC systems can share the power among the 
converter stations independently and in both directions, and considering the fast 
bidirectional fault current interruption, and reclosing and rebreaking capabilities, the 
proposed HDCCB can improve the overall performance of MT-HVDC systems and 







Conclusions and Future Works 
6.1. Conclusions 
The main aim of this study is to solve four major challenges in hybrid AC/DC grids 
which are: (1) the integration of high-voltage charging stations as DG resources in power 
systems and their contributions to the grid regulation, (2) control the VSC-HVDC stations 
in MT-HVDC system in such a way to regulate the AC voltage, DC voltage, and frequency, 
(3) investigate the AC/DC power flow solution, and (4) the protection of MT-HVDC 
systems. Followings show the details of each chapter in this thesis. 
In chapter 2, the impact of PHEVs charging on the power grid is shown. A 
bidirectional charging station with a novel control strategy is proposed to solve the problem 
of voltage and frequency regulation in the power system due to the charging of PHEVs. A 
central AC/DC VSC converter station is investigated to inject active and reactive power 
into the power grid to regulate the voltage and frequency and reduce the peak load, as well 
as power quality improvement by considering the SoC and available active power in power 
grids. The proposed control strategy allows PHEVs to contribute to the grid regulation 
when an event occurs in a DG-based power grid consisting of different microgrids, diesel 
generator and wind farm, PHEVs with several charging profiles, and different loads. 
In chapter 3, an improved droop-based control strategy for the active and reactive 
power-sharing on the large-scale MT-HVDC systems is proposed. The equivalent circuit 
of the VSC-HVDC station in the 𝑑𝑞  reference frame is established and employed for 
developing an improved droop-based control strategy for the VSC-HVDC station. The 
proposed improved droop-based control strategy is a communication-free control method 
which its droop parameters, consisting of AC voltage-droop, DC voltage-droop, and 
frequency-droop parameters, are selected optimally. The proposed improved droop-based 
control strategy is applied to a five-terminal MT-HVDC system to control both the AC and 




strategies of the VSC-HVDC station is investigated in this chapter. Modifications on the 
droop settings are also performed. The simulation results illustrate that the proposed 
improved droop-based control strategy not only results in a stable steady stated and 
dynamic operation of the MT-HVDC system but also is capable of restoring operation 
during the loss of DC voltage regulating VSC-HVDC station without the need for 
communication infrastructure. 
In chapter 4, a mixed AC/DC PF algorithm for the steady-state interaction of the 
large-scale MT-HVDC systems is investigated. This algorithm is an improved sequential 
AC/DC PF algorithm, which uses the Newton-Raphson method to solve the DC PF 
problem. Different operational constraints and control strategies along with contingency 
analysis in hybrid AC/DC grids are considered in this study. Fast convergence and high 
accuracy are the main advantages of the mixed AC/DC PF algorithm. In addition, it is a 
powerful tool for sensitivity analysis and congestion management in power systems. 
Various cases are studied in this chapter to evaluate the performance of the mixed AC/DC 
PF algorithm. 
In chapter 5, a new topology of a fast proactive HDCCB to isolate the DC faults in 
MT-HVDC systems in case of fault current interruption, along with lowering the 
conduction losses and lowering the interruption time is presented. All modes of operation 
of the proposed topology are studied. Simulation results verify that compared to the 
conventional DC CB, the proposed topology has lower interruption time, lower on-state 
switching losses, and higher breaking current capability. Due to the fact that MT-HVDC 
systems can share the power among the converter stations independently and in both 
directions, and considering the fast bidirectional fault current interruption, and reclosing 
and rebreaking capabilities, the proposed HDCCB can improve the overall performance of 
MT-HVDC systems and increase the reliability of the DC grids. 
6.2. Future Works 




 Sensitivity, power quality, and stability analyses in hybrid AC/DC grids 
considering the integration of high-voltage charging stations 
 The impact of dynamic charging stations on the hybrid AC/DC grids 
 Reliability analysis in hybrid AC/DC grids considering the integration 
of high-voltage charging stations 
 Operational planning for MT-HVDC systems 
 The stability analysis of the proposed droop-based controller 
 Power quality analysis in MT-HVDC systems considering the proposed 
droop-based controller 
 AC/DC optimal power flow in MT-HVDC systems 
 Unit commitment and Economic dispatch in MT-HVDC systems 
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